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MAGNETIC ALPHA~SPECTROMETER 
- B.S.Dzhelepov, R.B.Ivanov, V.G.Nedovesov 
and V.G,Chumin 


The most accurate Q-particle energy determinations are made by means of mag- 
netic spectrometers, a number of which have been described in the literature.1~§ 
All these spectrometers except that of Cotton! utilize an inhomogeneous magnetic 
field for improving the focusing and thick (nuclear) emulsions for detecting the 
Q-particles. The spectrometers developed by different groups have different re- 
solutions (line half-width AHp/Hp from 0.05 to 0.08%) ,but as a rule a relatively 
low transmission factor (effective solid angle from 0.01 to 0.08% of 4x). Yet 
for a number of scientific problems it is important to have an Q-spectrometer 
with as high a transmission as possible. For example, investigation of the fine 
structure of Q-spectra, which yields important information on high-lying nuclear 
levels, requires investigation of low intensity components. The theory of v2 
focusing developed for B-spectrometers shows that the problem of increasing the 
transmission by an appreciable factor, while retaining a resolution of 0.1% (in 
momentum) , can be solved. 

The purpose of the present work was to develop an Q-spectrometer which togeth- 
er with a resolution of ~0.10% would have a transmission factor of the order of 
0.3% of 4n, i.e., at least an order of magnitude higher than most Q-spectrometers. 


Description of the instrument 


The magnetic field of the developed Q=-spectrometer is produced by a cyclotron 
type magnet, the dimensions of which are: length - 3.5 meters, width - 1.4 meters, 
height - 2.3 meters. The weight of the magnet is 70 tons. The one meter diame- 
ter pole pieces are made of grade 15 steel. They are specifically shaped to pro- 
duce an inhomogeneous field (Fig.1). The height of the working gap at the center 
of the magnet is 160 mm. 

For the purpose of reducing the fringe effect and 
correcting the field, the pole pieces are bound with 
steel rings (K in Fig.1). By shifting these rings up 
or down one can vary the field topography in the gap 
to 120 mm in from the edge of the pole pieces. 

The magnet winding consists of 672 turns of copper 
bus having a cross section of 4.1 x 40 mm. The re- 
sistance of the winding is about 0.45 ohm. The mag- 
net is air cooled. 

The electromagnet is supplied with regulated dc 
current from a 230 v, 88 kw generator. At the maxi- 
Fig.l. Magnet pole pieces. mum current of 400 amp, the field strength at the 

center of the magnet is 20 000 oersted. The supply 
current is regulated within 0.03% by a thyratron stabilizer. 

The spectrometer chamber is cylindrical and is made of brass; the thickness of 
the side walls is 30 mm, the thickness of the bottom and cover - 19 mm. The in- 
side diameter of the chamber is 1005 mm; the height - 120 mm. The weight of the 
Stl is about 500 kg. A diagram of the chamber (cover removed) is shown in 

Bede 

The chamber is evacuated through the fitting 1 by a VN-2 type forepump and a 
500 liter oil diffusion pump. The working vacuum - 107° mm Hg - is attained 
some 30-40 minutes after starting the pumps. The vacuum is monitored by an ion 
meter. Upon attainment of the working vacuum, the forepump can be switched off: 
normal operation of the diffusion pump for 5-6 hours is assured by the ballast 
tank connected to the forepump. 
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The radioactive sources are installed 
and changed without disturbing the vacuum 
through the air lock 2. A similar air 
lock (3) is provided for the photographic 
plates. , 

The geometry of the Q-particle beam is 
regulated by the defining diaphragms 4, 
by means of which one can vary both the 
horizontal and vertical divergence of the 
beam. The diaphragm positions can be ad- 
justed without disturbing the vacuum by 
means of the graduated rods 5. In case 
of necessity the entire chamber can be 
withdrawn from the magnet gap, since it 


Fig.2. Alpha-spectrometer chamber; 1 - is suspended on two rails (6). The cham- 
vacuum line coupling, 2 - vacuum lock ber is positioned (to within +0.2 mm) in 
for interchange of Q=-sources, 3 - va- the magnetic fields by means of special 


cuum lock for loading photographic bolts (not shown in the figure). 

plates, 4 - defining diaphragms, 5 - Tube 7 extending from the outside to 
graduated rods, 6 - rails, 7 - tube the center of the chamber serves for in- 
for insertion of proton resonance sertion of a proton resonance probe. 


probe, 8 - source, 9 - photographic 


plate. 


Measurement of the magnetic field 


For focusing the Q-particles we chose an axially symmetric magnetic field, 
having the property of focusing the beam in two directions. The focusing angle 
is 3. It has been shown by theoretical analyses ‘7? that spectrometers using a 
field of this type have an optimum resolution to transmission ratio. The axial 
component of such a field is described by 


0 200 400 Rr 


 Fig.3. Field distri- 
bution in the magnet 
gap. Solid line - cal- 


culated curve for B = 


= 1/8 and Ro = 335 mm; 

experimental points: 

1) Hy = 10.7 koe, 2) 

+H, = 12.7 koe, 3) Hz = 
= 14 koe. 
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The focusing properties of the field depend on the cons- 
tant B. In the expression for the width of the image, the 
terms depending on the horizontal divergence angle o, van- 
ish for B = 1/8, while the terms depending on the vertical 
divergence angle ¢, vanish for B = 3/8. It follows, there- 
fore, that for most accurate focusing in spectrometers with 
a large g, and a small 9, , the constant B should be taken 
equal to 1/8. Inasmuch as the geometry of our chamber al- 
lows of making ¢max #209 and max ~ 4°, B = 1/8 is the 
best choice under our conditions. 

The topography of the magnetic field was surveyed by 
means of a flip coil. The coil was made of manganin (Mn- 
-Ni-Cu alloy) and had 100 turns of 3 x 16 mm? area, The 
emf induced in the coil was measured by a ballistic galva- 
nometer with an accuracy to 0,1-0.2%. The results of the 
field measurements are shown in Fig.3. 

The measurements showed that the experimental points fit 
the theoretical curve for Ro = 335 mm in the R range from 
220 to 400 mm. As will be evident from Fig.3, the field 
topography at the edges depends on the absolute value of 
the field. By varying the distance between the pole piece 
rings, one can obtain the best agreement between the experi- 


- 782 - 


mental and theoretical curves. The va- 
riation of the field topography with the 
position of the rings is shown in Fig.4 
for Hz = 12.7 koe. Thus by selecting 
different distances between the rings for 
different O-particle energies one Can ex- 
tend the working region of the field to 
470 mm, which corresponds to a horizontal 
divergence angle 9,m,; = 159. The vertical 
divergence angle 9, of the beam is fixed 
by the height of the chamber and equals 4°, 
Measurements of the field distribution 
were carried out in the central symmetry 
plane and in planes 20 and 40 mm above and 
below this plane. It was found that the 
field topography is the same in all five 
planes, except for the regions near the 
edge of the pole pieces. Plots of the 
axial symmetry of the field showed that 
the law characterizing the falling off of 
the field is the same in all directions 


a 200 400 Amn from the center. 
Fig.4. Variation of the magnetic field The magnetic field was maintained cons- 
topography with the distance between tant during the entire measurement period 
the rings around the pole pieces (Hz = by the proton resonance technique. The 
= 12.7 koe). Separation between rings: proton resonance equipment consists of a 
1 - 182 mm, 2 - 188 m, 3 - 200 mm, 4 =— high-frequency generator, an amplifier, 
208 mm. an EO-7 oscillograph and a 528 type wave- 


meter. The high-frequency generator is 
connected by a 3 to 5 mm long RK-50 cable with the probe, which is a 10 turn coil 
wound on a plexiglass frame, inside which is a 1.5 cm3 sample of MnSOq4 solution in 
water. The probe is inserted (through tube 7,Fig.2) and positioned at the center 
of the magnet, where the field is uniform. The frequency range of the hf generator 
extends from 10 to 80 Mc, which allows of making field measurements in the range 
from 2500 to 19 000 oersted. Our wavemeter measures frequencies to an accuracy of 
0.05%; hence this is the accuracy of determining the magnetic field at the center 
of the magnet. The proton resonance signal is observed on the oscillograph screen. 
If the field deviates by 0.01% from the set value, the signal on the screen shifts, 
thereby providing continuous and close control of the magnetic field. 


Detection and recording 


In testing the spectrometer the Q-particles were detected and recorded by 
means of NIKFI thick emulsion (50 y) photographic plates. After exposure and de- 
velopment, the number of tracks in a strip of given length and a width of 150 LL 
were counted under a microscope. The variation in the number of tracks per strip 
as a function of the strip's position on the photographic plate is the aQ-spectrum. 


Basic characteristics of the spectrometer 
a teh catalan eat acaad inched eatin dada 


We investigated the characteristics of the spectrometer by means of a Po2l0 
source prepared by electrochemical deposition of polonium on a silver base. In 
the test, source sections of different widths and heights were defined by the en- 
try diaphragm. In most of the experiments the defined source area was 1 x 10 mm 
Setting the diaphragms in different positions and thereby varying the effective : 
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Solid angle, we obtained the variation of the resolution with the transmission of 
the instrument. The results of these measurements are shown in Fig.5. 
The line half-width is 0.1% in the Hp scale (11 kev). There is no change in 


the line half-width as the effective solid angle is increased from 0.05 to 0.21% 


all 


of 4x, and in this interval the number of tracks at the line peak increases in pro- 
portion to the solid angle. Further increase of the solid angle does not noticeab- 
ly increase the line width, but the proportionality between the number of tracks at 
the line peak and the magnitude of the solid 
fice angle is disturbed, which indicates appreciable 

enhancement of the line "tail". Hence a solid 
angle of 0.28% was chosen as the optimal one. 
The fact that the resolution of the instrument 
does not vary with », indicates that the ac- 
tual topography of the magnetic field is in 
close agreement with the theoretical distribu- 
tion for 6 = 1/8. 

With the variation in the width and height 
of the source the experimental line half-width 
varies in accord with the theoretical formula 
(Ref.10). Thus, increase of the source height 
to 20 mm does not broaden the line. With a 
source width of 0.2 mm and height of 10 m, the 
the line half-width equals 6 kv (AHp/Hp = 0.05%) 
and the transmission factor is 0.2% of 4x. 

In investigating Q-spectra by means of this 


500 


32 30 28 r, 4M instrument it is important to know the law 
Fig.5. Variation of the resolu- characterizing the variation of the line half- 
tion with the transmission of -width and shape as a function of its position 
the spectrograph. on the photographic plate. We investigated 


this dependence experimentally for different 

solid angles. The results obtained show that the section of the spectrum in which 
the line half-width is not increased more than 0.1% relative to the half-width of 
the equilibrium orbit line amounts to 130 kev for transmission of 0.17% of 4x and 
115 kev for a transmission of 0.28% of 4x. The energy range in which the line 
half-width remains approximately constant can be increased by positioning the 
photographic plate along the focal plane of the instrument. In order to deter- 
mine the position of the focal surface,we undertook a series of experiments in 
which the photographic plates were mounted along the radius of the instrument 
with different focusing angles. 

Each photographic plate was exposed with one and the same Po#10 source but 
with different field values, so that there was recorded a series of lines. Asa 
result of measurements it was established that the focal surface of the instru- 


ment, i.e., the surface of best focusing of off-equilibrium-orbit lines, forms 


an angle of ~45% with the direction of the radius passing through the focus on 


the equilibrium orbit. In this case the energy range in which the line width is 


i virtually constant amounts to ~300 kv. 


As was noted above, most present magnetic Q-spectrometers have a fairly high 
resolution (~7.5 kev), but a relatively low transmission (to 8+1074 of 4x). Under 
optimal operating conditions (¢,= 13° and 7,= +2940') the transmission factor of 


our instrument is 3°107-3 of 4x, i.e., substantially higher than that of other 


spectrometers with relatively little sacrifice of resolution. If we restrict the 


¢ exposure time to 100 hours, the parameters of our instrument allow of working with 
_ aesources having an activity of 107-5 uC referred to the investigated line. 


B.P.Shishin participated in the adjustment and calibration of the spectrome- 


ter. We are deeply grateful to K,1I.Yakovlev of our laboratory for preparation and 
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installation of the proton resonance equipment. We also desire to thank D.M., Ziv 
and V.V.Fedorov for preparing the test source and the personnel of the A.P.Zhdan- 
ov Laboratory for instruction on the use and processing of thick emulsion photo- 


graphic plates. 


'v.G.eKhlopin" Radium Institute, 
Academy of Sciences of the USSR 
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ALPHA-SPECTRUM OF 233 


- B.S,Dzhelepov, R.B. Ivanov, V.G.Nedovesov & B.P.Shishin 


The Q-spectrum of U233 was first investigated by Asaro! on a magnetic spec- 
trometer of the sector type. Three Q-groups were detected in this study. 

Subsequently, Gol'din and his co-workers?)3 carried out a more thorough in- 
vestigation of the Q-spectrum of u233 They report observing the following 


Q-lines;: 
Op - 4816 kev (83.5%), Q3 - 4655 kev (0.07%), 
Qy - 4773 kev (14.9%), G4 - 4582 kev (0.04%), 
Qg - 4717 kev ( 1.6%), Q5 - 4489 kev (0.03%). 


These investigators proposed a decay scheme based on their data; according 
to this scheme all the observed excited states of Th229 are rotational and belong 
to a single band with K = 5/2. The relative intensities of the last three lines 
(0.07, 0.04 and 0.03%) are not consistent with the theoretical formulas for the 
intensity of Q-transitions. 

In 1958 we undertook an investigation of the y233 Q=-spectrum on a double-fo- 
cusing magnetic Q- spectrometer. 4 The enhanced transmission of our instrument 
(effective solid angle - 0.2% of 4x) enabled us to obtain more accurate values 
for the intensities of the weak Q-transitions. In addition, on the basis of the 
data of Gol'din et al3 regarding the very slow decrease in intensity of the Q- 
-transitions to the levels with 11/2, 13/2 and 15/2, we hoped to detect transi - 
tions to an Q level at 440 kev (17/2). 

Our U233 source was prepared by electrochemical deposition of uranium on 
platinum. Inasmuch as our aim was to obtain data on the very weak Q-transitions, 
the source was made rather thick (30 ug/cm2). The source was in the form of a 
strip 2.5 mm wide and 20 mm high. The Q-line half-width under our experimental 
conditions was 22 kev. 

A-2 type thick (50 y) emulsion photographic 
plates were used for recording the Q-particles. 
The number of tracks was counted under a micro- 
scope in trips 150 u wide and 20 » long at 0.1-0.2 
mm intervals over the width of the photographic 
plate. The Q-spectrum was recorded in sections; 
three series of measurements with exposures of 50, 
100 and 100 hours were made in the region of par- 
ticular interest. The experimental curves are re- 
produced in Figs.1 and 2. Our data are compared 
with the data of Gol'din et al in Table l. 

As will be evident from the table there is good 
agreement between our data and those of Gol'din et 
al for the first four lines. The rise in the ex- 
perimental points in the 230 kev region above the 
smooth curve for the neighboring sections of the 
spectrum can, apparently, be attributed to transi- 
tions to the 234 kev level. The intensity of the 
Q@4 line, if it exists, is <0.007%. Measurement of 
the (5 line energy indicate that the 333 kev value 

Fig.l. Alpha-spectrum of u233 given by Gol'din et al is erroneous. According to 
(4.65 to 4.85 Mev region). our determination, this transition goes to a level 
7 at 316 kev, while its intensity agrees approximate- 
ly with the data of Gol'din et al. We found no evidence of transitions to the 
_ hypothetical 440 kev level. 
: The fact that the intensity of the G5 line is appreciably greater than the 


SS 
S 
S 


Number,of @-tracks per 150 u strip 
S 
=) 


4,8 Ey, Mev 
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intensity of the Q@4 line gives reason to assert that the 316 kev level does not 


belong to the rotational band based on the Th229 ground state. It appears most 
probable that the 316 kev 


- , see level is a single-particle 
100 level, inasmuch as vibra- 
tional levels in this nuc- 
lear region have a much 
higher excitation energy. 
Analysis of Nilsson's°® lev- 
el scheme for deformed odd 


No. of tracks per 150 Ut strip 


150 

i nuclei shows that the as- 
3 ti signment for a single-parti- 
i, cle excited level for a nuc- 

Wie We leus with N = 139 (Th229) 

=i apts ei “ey Lge | 50 may be 5/2-, 3/ 2+ or 1/2+. 

a t #0 Desi. Gere eae Tt | The value of F for the Q- 

| a: 7 ii Ae oe +=) transition to the 316 kev 

i : ; he PSS level is 0.04; this means 

Fig.2. Alpha-spectrum of U233 (4.3 to 4.7 Mev re- that there occurs a minor 
gion). The peak at the extreme right is formed by rearrangement of the nucle- 
the 3 group. us incident to this transi- 

Table 1 


Relative intensities of u233 Q=groups 


2,3 Our data 


Gol! din et: al 


Intensi- 
ty, % 


do 0 83,5 | 5/2; 5/2+ 0 83,4 5/2; 5/2+ 
ay 43 14.9 | 5/2; 7/2+ | 43 14,9 5/2; 7/2+ 
de 100 1,6 | 5/2; 9/2+ | 400 1.6 5/2: 9/2+ 
ds 164 | 0,07-+0,04 | 5/2; 14/2+ | 166-43 | 0,060-L0,015 | 5/2; 11/2+ 
a4 237 | 0,04-40,02 | 5/2; 13/2+ | (234-55) <0,007 | (5/2; 13/2+) 
as 333 | 0,03-40,04 | 5/2; 15/2+ | (346243) | 0,033-L0,008 (3/2*) 
ag Se = a. (364455) <0,005 


tion, hence the 5/2- assignment for the 316 kev level appears questionable (the 
nuclear spin of U233 = 5/24). 

The fact that there is a 3/2+ level with an energy of 312 kev in the parent 
nucleus U233 (Ref.6) in some measure justifies the 3/2+ assignment for the 316 
kev level of Th229, 

Recently, Gol'din et al’ investigated the conversion electron spectrum ac- 
companying the decay of U233 on a toroidal B-spectrometer with an O+coincidence 
circuit. They report observing a 316 kev y-transition with an intensity of 
0.012% per disintegration. Their multipole order assignment is Ml (M2). These 
data are in good agreement with our results and the inference that the spin and 
parity of the 316 kev level are 3/2+. 

Making the 3/2+ assignment for the 316 kev level, we can expect the appear- 
- ance of a rotational band associated with this level; then the following level 

(spin & parity 5/2+) should have an energy of ~346 kev and the intensity of the 
U233 q-decay to it should be ~25% the intensity of the 316 kev transition (assum- 
ing equality of the moments of inertia for both rotational bands). Careful ana- 
lysis of this section of the spectrum reveals a very weak peak which may be at- 
tributed to a transition to a level at 364 +5 kev. Its intensity is <15% the 
intensity of the 316 kev transition. Although in view of the appreciable statis- 
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Table 2 
Comparison of the relative intensities of U233 q-transitions to levels 


of the main rotational band of Th229 with the theoretical data 


Relative O-group intensities 


we 999 __Calculated values 

group ees Experimen— Geiger-Nettol| Frdman Ter—Martiro—_ 
_ kev mS value formula? formula syan formula? 

ao 0 4 4 4 4 

Ay 43 0,178 0,513 0,132 Ona 

de 400 0,0192 0,217 0,0184 0,0194 

as 166 0,72-40-3 0,076 4 ,21.40-8 1 36-10-8 

4 234 <0,08-10-3 0 ,0226 9.10-5 8,9-10-5 


tical uncertainty these data are not entirely 
reliable, it may safely be asserted that if this 
transition does exist, its energy and intensity 
differ appreciably from the expected values. 
This may be connected with change in the moment 
of inertia of the nucleus or may be due to the 
fact that the 3/2+ assignment for the 316 kev 
level is incorrect. 

Accordingly, on the basis of our data we pro- 
pose the decay sheme shown in Fig.3. 

In conclusion, we want to note that the in- 
tensities of the U233 q-transitions to the ro- 
tational levels of Th229 (Fig.3) are in good 
43 agreement with the results of calculations by 
the formula of Ter-Martirosyan® and show an ap- 
preciable divergence from the results yielded 
by the formulas of Fréman? and Geiger-Nettol19. 
Fig.3. u233 qQ-decay scheme and The experimental data are compared with the cal- 
Th229 levels. culated values in Table 2. 

We desire to express our gratitude to Yu.T.Puzynovich and V.N.Delaev for as- 
sistance in the measurements and to L.K.Peker for helpful discussion of the re- 
sults. 


"V.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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COLLECTIVE EXCITED STATES OF NUCLEI 


—- A.S.Davydov 
1, Introduction 


It is now established that for many nuclei one can distinguish two types of 
excited states, namely, single-particle excitations, in which a single nucleon 
changes its state, and collective excitations, which are associated with simultan- 
eous changes in the motion of many nucleons. When one recalls that nuclear matter 
is highly incompressible, one can often further subdivide relatively low-energy 
collective motions into excitations having to do with surface oscillations about 
some equilibrium shape and excitations due to changes in the orientation of the 
nucleus, namely its rotation. 

In a sense, the distinction between collective and single-particle levels is 
reminiscent of the distinction made for molecular excitations as being due to el- 
ectron or nuclear motion. Many of the properties of nuclear collective motion 
were first made clear in the work of Bohr and Mottelson!, who made use of this 
analogy. 

Strictly speaking, collective and single-particle excitations are related, 
and one can clearly distinguish between them only in even-even nuclei, where the 
minimum energy of the single-particle levels is of the order of 1.5 or 2 Mev, 
while the energy of the collective levels is much lower. In this review, there- 
fore, we shall restrict our discussion to collective motion in even-even nuclei. 

In addition to their low energy, collective levels are characterized by a 
high probability for electric quadrupole transitions both by gamma emission and 
by Coulomb excitation. In most cases the probability for electric quadrupole 
transitions from collective levels is one or two orders of magnitude greater than 
the corresponding transition probability from single-particle levels. Such high 
transition probabilities are, naturally, connected with the collective motion of 
a large number of nucleons. 

It was assumed for a long time that all nuclei are spherically symmetric. 
The existence of electric quadrupole moments and rotational excited states, how- 
ever, shows that many nuclei are actually far from spherical. 

The first theoretical explanation of nonspherical nuclear shapes was given 
by Rainwater.2 He showed that the shape is determined by competition between the 
nucleons in the filled shells, which tend to give the nucleus a spherical shape, 
and those in the unfilled shells, which tend to polarize the nucleus and distort 
its shape. 

Double-magic nuclei are very stably spherical. The frequencies associated 
with collective levels in such nuclei correspond to surface oscillations about 
the equilibrium spherical shape. The oscillation energy hardly differs from that 
of single-particle motion. When there is a certain number of nucleons in the un- 
filled shells, the collective motion frequencies are substantially reduced, the 
equilibrium shape becomes distorted, and one can make a valid distinction netween 
collective and single-particle levels. 

As already mentioned, collective motion in nonspherical nuclei can be divid- 
ed into internal excitations, (i.e., surface oscillations) and rotational motion 
involving essentially no change in the internal state of the nucleus. 
rotational levels are characteristic of nonspherical nuclei. 

Until recently, it was usually assumed that the only nuclei with rotational 
bands were those in the following three regions of the periodic table: 


A~ 24, 150<€ A€ 190 and A> 220. (1.1) 


Low-energy 
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It was asserted* that nuclei with other mass numbers were spherical. It will 
be shown below that there are more nuclei with rotational spectra than those given 
by (1.1). It would seem necessary to reject the assumption that nuclei other than 
those in the regions of (1.1) are necessarily spherical. This inference is sub- 
stantiated by determinations of the electric quadrupole moments for many nuclei: 
for even nuclei from the data on the Coulomb excitation probability and for odd 
nuclei from the data on the Coulomb excitation probability and on the fine struc- 
ture of the molecular, atomic and solid-state spectra. As an illustration of the 
possible nonsphericities, we list in Table 1 the first excited-state energies for 
Some even-even nuclei together with the values of the parameter B, which character- 
izes the deviation of the nucleus from the spherical shape. The values of B were 
Calculated on the basis of the experimental data reported by Stelson & McGowan4 and 
Alder et al9,. 


Table 1 
Values of the first excited-state energy and the nonsphericity parameter B 


Se 74 635 0,24 Cd 112 610 0,19 Dy 162 82 0,36. 
Se 76 567 0,30 Cd 4414 555 0,20 Dy 164 73 0,44 
Se 78 615 0,27 Cd 116 547 0,20 Er 164 90 0,33 
Se 80 654 0,214 Te 120 560 0,17 Yb 170 84 0,30 
Se 82 880 0,41 Te 122 570 0,16 Hf 176 89 0,29: 
Mo 94 874 0,17 Te 124 608 0,14 Hf 178 91 0,34 
Mo 96 775 0,18 Te 126 673 0,16 Hf 180 93 0,27 
Mo 98 780 0,17 Te 128 750 0,14 WwW 182 100 0,26 
Mo 400 530 0,25 Te 130 850 0,43 WwW 184 412 0,24 
Ru 96 840 0,16 Nd 146 455 0,09 Ww 186 124 0,24 
Ru 98 654 0,21 Nd 148 300 0,15 Os 186 437 0,20 
Ru 400 540 0,23 Nd 150 130 0,25 Os 188 155 0,18 
Ru 102 415 0,25 Sm 148 562 O12 Os 190 188 0,14 
Ru 104 358 0,28 Sm 150 337 0,16 Pt 194 330 0,45 
Pd 104 555 0,24 Sm 152 422 0,28 Pt 196 358 043 
Pd 106 5413 0,23 Sm 154 83 0,33 Pt 198 403 0,13 
Pd 108 433 0,24 Gd 154 423 0,30 Hg 198 AMA 0,44 
Pd 440 374 0,26 Gd 156 89 0,41 Hg 200 370 0,09 
Cd 106 630 0,19 Gd 158 79 0, 46. Hg 202 439 0,08 
Cd 408 630 0,49 Gd 160 76 0,47 Th 232 52 0,18 
Cd 440 656 0,19 Dy 160 86 0,35. U 238 44 0,28 


According to Table 1, many nuclei that are not near the double-magic ones are 
nonspherical. If we approximate the nucleus by an ellipsoid, then for a given vo- 
lume, its shape is determined by the two parameters B and 7, which are related by 


the expressions 


4 ‘ 
a¢—— cosy) a, =—« ~=0 and pe i Te (1.2) 
to the parameters a, which determine the nuclear shape according to 
2 
R(9¢) = Roft+ >) a,¥au (9¢)| (1.3) 
u=—2 


in the coordinate system fixed along the principal axes of the nucleus. 
It follows from (1.2) that 
g—|/ a+ aio. a? 0 


determines the total deviation of the nucleus from spherical symmetry. For a giv- 


en B, a change in y from 0 t 


o 60° corresponds to a change in the nuclear shape 


*See, for example, Sliv's forward in Ref.3. 
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from a prolate to an oblate spheroid. When y = 30°, the nucleus 1s "intermediate 
between a prolate and an oblate ellipsoid. 

The rotational spectrum of even-even nuclei is particularly simple in the 
case of axial symmetry. The rotational energy is then given by the simple expres- 


sion 


FijsscAd. (Jute alld 0 earn (1.4) 


where A is a constant (in the adiabatic approximation) depending on the moment of 
inertia of the nucleus about an axis perpendicular to the symmetry axis. 
According to (1.4), the energy ratios of the levels should be 


Epc lignh, Hes Se. (1.5) 


A classical example of a nucleus with a clearly evinced rotational spectrum 
is H£f180, whose level diagram is given in Fig.la. 

As yet few nuclei are known in which excited levels with spins 2, 4, 6 and 
8 have been observed. On the other hand, comparatively many nuclei are known in 
which the spin 2 and 4 levels have energies consistent with (1.5). The excited 
levels of such nuclei are assumed to be rotational states of the nucleus with no 
change in the internal energy. Moreover, it is widely believed that the true ro- 
tational levels of even-even nuclei all have spins in the sequence 0,2,4,..., all 
with the same parity, and that their energy ratios 
agree with (1.5), the expression obtained for axial- 
ly symmetric nuclei. Approximate agreement with 
(1.5) is taken to be proof of the axial symmetry of 
the nucleus in question. Thus,it is asserted on 
p.525 of the review article of Alder et al° that 
"The principal empirical evidence for the axial sym- 
metry is the observed J(J + 1) type of rotational 
spectra.'' Bohr and Mottelsonl state that "The spin 
of 4 for the second rotational excitation and the 
E4:E9 ratios confirm the expected axial symmetry of 
the nuclear deformations. For a nucleus with an a- 
symmetric equilibrium shape, the rotational spectrum 
would exhibit a sequence of J-values and energy ra- 

Fig.1. Level diagrams: tios different from (1.5)." 
a) H£180 and pb) Osl90, These assertions seem to us to be without basis. 
Indeed, only those levels of nuclei are called rota- 
tional which satisfy (1.5), and then agreement with (1.5) is taken as proof of 
axial symmetry. 

As will be shown below, the assumption that all nuclei are axially symmetric 
does not follow from the experimental data. Many phenomena involving low-energy 
excitation in even-even nuclei can be quite well explained by approximating the 
nucleus by an ellipsoid of three unequal axes. 

Section 2 describes some of the basic results of investigations of rotation- 
al levels in even-even nonaxial nuclei (together with comparison with experiment) 
undertaken by the present author in collaboration with Filippov and Rostovskii®: 7? 
Section 3 gives some further results of these investigations, concerning the pro- 
babilities for radiative transitions between rotational levels of nonaxial nuc- 
lei. Section 4 describes other work® concerning the probability for B-decay to 
such rotational levels. Section 5 presents some theoretical results of Gursky”, 
Wilets & Jeanl9, Geilikmanll, Zaikinl2, and Filippov and the writer!3, which show 
that the equilibrium shape of a nucleus may not have an axis of axial symmetry. 


a 
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2. Rotational Energy Levels of Nonaxial Nuclei 


The earliest attempt to study the rotational levels of nonaxial nuclei was 


‘that of Marty.14 He treated the problem by perturbation theory and therefore 


omitted excited levels with odd total angular momentum; he made no attempt to com- 


pare his results with experiment. Filippov, Rostovskii and the writer®»/’ obtained 


exact solutions of the Schrédinger equation for the rotational levels of a nonaxi- 
al nucleus assuming no change in the internal energy. The energy levels were cal- 
culated for spins 2,3,4,5,6 and 8 for all possible values of the parameter y which 
determines the extent to which the even-even nucleus is nonaxial. 

gp 168 5165 The ratios of the energy of levels with diffe- 
pity pperg? os os as!” as? rent J to the energy of the first excited spin 2 

state are plotted in Fig.2 for values of y from 0 

to 30°. All energy levels of even-even nuclei 
are functions only of sin2 (3y), so that by sym- 
metrical extension of the plots with respect to 
the y = 30° ordinate we obtain the results for 
Y = 30 to 60°, As might be expected, the se- 
quence of spins and the energy ratios are in 
agreement with the results for axial nuclei when 
y¥ is O or 609, 

Those levels which remain observable as y —» 0 
we will call levels of the normal (ground state) 
rotational band. We will denote their energies 
by E,(J), where J is the spin of the level. The 
rotational levels themselves will be designated 
as Jl (e.g., 21, 41, ...). When y # O, there ex- 


aa D> 
coll | 


O° as = 7 ist in addition to these levels others with spin 
2,3,4,5,6,... The energies of these levels in~ 

Fig.2. Variation of the ratio crease without bound as J — 0 or 60°. We shall 
of the energy of rotational call these "anomalous" rotational levels. 

levels of even-even nuclei to The set of rotational states of a nucleus com- 
the energy of the first exci- prises only two rotational levels with spin 2, 
ted (spin 2) level as a func- one with spin 3, three with spin 4, two with spin 
tion of y. The solid lines 5, four with spin 6, etc. Of the two levels with 
pertain to the normal (ground spin 2, one belongs to the normal rotational band, 
state) rotational band, while and the other is anomalous. The ratio of the 

the dashed lines pertain to energies of these two levels is given by 


"anomalous" rotational states. 
The points on the vertical 
lines denote experimental val- 
ues for the corresponding nuc- As y varies from 0 to 30°, this energy ratio 
lei. decreases from oo to 2. 

An experimental measurement of the energy ratio of the spin 2 rotational lev- 
els can be inserted into (2.1) to determine y, and then Fig.2 can be used to find 
the energies and spins of all the other rotational levels, both anomalous and in 


Ey(2) _1+V1—%p sin? (37) 2.1 
E,(2) — 4—Y1— 8), sin? (37) (2.1) 


the normal band. 


It will be evident from Fig.2 that when the nucleus deviates from the axially 


symmetric shape, relation (1.5) is no longer satisfied by the levels of the normal 


rotational band. For small y the energy ratios hardly differ from (1.5), but as 7 
increases, the deviation from the regularities of (1.5) grows, particularly for 


levels with high spin values. When 7 = 30°, for instance, the energies of the nor- 


mal band levels should be related as Leet 2 Gletdhio 8S 


The solid and open circles in Fig.2 give experimental excited-state energy ra- 


tios for a number of nuclei, taken from the data of Refs.15-18. It will be evident 


that the theory reproduces rather accurately the spin sequences and experimental 
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energy ratios. Small deviations of the experimental points from theory can in 
part be reconciled by the correction term 


—a PF ey, (2.2) 


which takes into account coupling between the rotation and internal excitation. 
Speaking roughly, (2.2) allows for the increase in moment of inertia owing to 
centrifugal forces. In fact the magnitude of the correction term necessary to 
bring about agreement with experiment may serve as criterion for the validity of 
the adiabatic approximation. It should be mentioned that when axial symmetry was 
assumed, in dealing with rotational spectra, any deviation of the experimentally 
observed level-spacings from relation (1.5) was explained entirely by the inappli- 
cability of the adiabatic approximation. In this way the importance of the correc- 
tion term accounting for deviations from adiabaticity was exaggerated. Actually, 
the deviation from (1.5) comes largely from the fact that the nucleus is not axial- 
ly symmetric. 

In this connection the experimental data on the spin 2,4,6 and 8 levels of 
0s190 are particularly interesting (see Fig.1,b & Fig.2). These energy levels 
were obtained!9,20 in investigating cascade y-transitions in the decay of the 10 
min isomer of 0s!90, the assignment for which is 10-. As the authors referred to 
note, the experimentally observed spin sequence is in good agreement with that for 
the levels of prl8o (see Fig.1), which has a clear-cut rotational level structure. 
The observed energy-level ratios, however, differ considerably from the theory for 
axially symmetric nuclei. The investigators also note that the experimental rat- 
ios 1: 2.93 : 5.62 : 8.93 cannot be obtained by adjusting the two parameters in 
the expression 


pa AS (Jake). 


As can be seen from Fig.2, if one assumes the 0s190 nucleus to be nonaxial 
(y = 21.4°), one obtains energy ratios close to the experimental ones (even with- 
out introducing corrections for departure from the adiabatic approximation). 

In addition to changing the level spacing in the normal rotational band, de- 
parture from axial symmetry introduces the new (anomalous) levels. Such are, for 
instance, the second spin 2 and 4 levels in Osl90 (Fig.1,b). These levels are not 
evinced in the decay of the 10 min Os!% isomer, but they do appear in the K-cap- 
ture decay of tr190 (see Section 4). The second excited spin 2 level is also ob- 
served in Coulomb excitation and in B-decay of Ret90, These properties of Ost90 
are related to the large value of y, namely, 21.4°, given by the experimental ra- 
tio E9(2)/E1(2) = 3.15. 

We must classify as anomalous rotational levels the spin 3 levels of Dy160 
Erl68, and pu238 (Fig.3) and many other nuclei. ; 

It is interesting that according to the theory of nonaxial nuclei, the energy 
of the spin 3 level should equal the sum of the energies of the two spin 2 levels 
(regardless of the value of 7), i.e., 


E (3) = EB, (2) + Ey (2). (2.3) 


The accuracy with which this relation is fulfilled is independent of any spe- 
cific choice of energy moments of the nucleus but depends only on the degree of 
applicability of the adiabatic approximation. Thus (2.3) may be used as an a pli- 
cability criterion. It has been shown® that (2.3) is satisfied with good aeenuee 


(to within 1%) for many nuclei in which the ener 
* gies of the two i 
spin 3 levels are known. spin 2 and one 
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Fig.3. Level diagrams for several nuclei. The values of y¥ 
indicated above the diagrams are calculated from the ex- 
perimental ‘energy ratios of the spin 2 levels. The figures 
at the right of the levels are the values of K and J, res- 
pectively. 


According to Fig.2, when y > 21° the spin 4 level of the normal band lies 
above the second anomalous spin 2 level, while for y < 21.59, on the contrary, it 
lies below. In any case, it is always above the first spin 2 level. The qualita- 
tive regularities must hold for the rotational levels of all even-even nuclei. 

These collective excited states of even-even nuclei which have often been 
called y-oscillations with quantum number K = 2 and have been arbitrarily attribu- 
ted to an energy fw,are, according to our new interpretation, anomalous rotational 
levels of nonaxial nuclei. Such energy levels are possessed, for instance, by 
Dy160 (964 and 1047 kev), Erl68 (822, 897 and 996 kev), Pu238 (1030 and 1076 kev) 


» (see Fig.3), Erl66 (787, 861 and 958 kev), and a number of other nuclei. 


In nuclei which are close to axially symmetric (y < 15°) the anomalous rota- 
tional levels lie relatively high. As will be shown below (Section 3), such high- 
-lying levels may be identified as levels with K = 2 (Fig.3). 

The usual treatment mentioned of levels with K = 2 as y-oscillations with an 
energy jim, requires the introduction of the empirical constant w,. A consistent 
treatment of y-oscillations, taking into account both the invariance of the wave 


functions under the replacements 
y, 2 / 
=1+> and ayo= =; 


and the explicit form of the kinetic energy operator1 


ue 1 ser in3 ve 

~~ 2B8? sin (37) 97 (s 137) 
of such oscillations, shows that in a certain sense these y-oscillations are equi- 
valent to rotations. Their energy can be written approximately as the sum of two 


-terms2l in the form 


won? Aig 
e ~ Bp ae f at? bray.’ (2. 4) 
the first of which is nine times the energy of the first rotational level, and in 
the second of which V(y) is the potential energy of the nucleus as a function of 
the parameter y. Order of magnitude calculations*! show that (2.4) is about equal 
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to the energy of single-particle excitations, but that the probability for excit- 
ing y-oscillation levels is several orders of magnitude lower than that for excit- 
ing rotational levels by quadrupole radiation. These results lend further support 
to the assertion that the above levels with K = 2 should be considered rotational 
levels of nonaxial nuclei. This inference becomes even more convincing when one 
notes the good agreement between the observed quadrupole transition probabilities 
and those predicted by the nonaxial theory (see Section 3)% 

For y > 20° the anomalous rotational levels drop significantly in energy 
(see Fig.2). At y = 30°, the two anomalous levels with spins 2 and 3 together 
with the first excited (spin 2) level, form a sequence of three equidistant lev- 
els with the spin sequence 2, 2 and 3. When y = 27°, the value of E2(2)/E,(2) is 
close to 2. Nuclear excitations in which this ratio is close to 2 have been ex- 
plained as B-oscillations of the nuclear surface and have been called "nearly har- 
monic oscillations” as a harmonic oscillator would give such an energy ratio, and 
it was not known that rotational levels could do the same. 

If the spin 2 and 3 excitations are regarded as B-oscillations, E9(2) and 
E(3) must be considered two- and three-phonon nuclear surface oscillations and 
should then be triply and quintuply degenerate states with spins 0, 2 and 4 for 
E9(2), and spins 0,2,3,4 and 6 for E(3). Attempts were made to explain the de- 
viation of the experimental E9(2)/E1(2) ratio from 2 by the presence of higher 
order (anharmonic) terms in the collective Hamiltonian. Such an interpretation 
required the introduction of new parameters to describe the influence of the an- 
harmonic terms. While the observed energy ratio could be explained in this way 
for some nuclei, the problem of the remaining spin 3 and spin 4 anomalous collec- 
tive levels remains. If, however, all of these levels are assumed to be rotation- 
al, the experimental value of the single ratio E9(2)/E](2) can be used to predict 
theoretically the energy positions of all the other rotational levels. At the 
same time this energy ratio, as will be shown in Section 3, unambiguously deter- 
mines the relative probabilities for electromagnetic transitions between all the 
rotational levels without introdicing any further hypotheses such as those needed 
when these levels are identified variously as y-oscillations, B-oscillations, and 
normal rotational levels. 

From the above one should not conclude that all collective excited states 
are to be regarded as rotational, for many cannot be. Anne such states, for in- 
stance, are the odd parity levels (605 and 656 kev) of Pu@ (see Fig.3) and of 
some other even-even nuclei. At present these levels are considered to be octu- 
pole surface oscillations. In addition, there are the spin 0 and spin 2 excited 
states (935 and 286 kev) of Pu238 (see Fig.3), the spin 0 state (810 kev) of u234 | 
the spin 4,0 and 2 states (1286, 1308 and 1368 kev) of call4, and some other exci- 
ted states in even-even nuclei; these would seem to be B-oscillations of the nuc- 
lear surface. Finally, excited states of nearly spherical nuclei cannot in gener- 
al be clearly divided into collective and single-particle states, so that in this 
case it is also impossible to identify rotational levels. 


3. Electromagnetic Transitions Between Rotational States 
of Nonaxial Nuclei 


In no rotational excited states of nonaxial nuclei (with the exception of 


spin 3 states) is K a good quantum number. Their wave functions can therefore be 
written in the form 


bri — =) AxiDyx, 
K 
where the index i numbers the levels with given spin J; the normal rotational band 


corresponds to i = 1, and the anomalous levels, to higher values. The sum in (3.1) 
is taken over positive even K only: Mair 


(3.1) 


- 


= 795 = 


€ ya PEER J 
Oy = ly 167? (1+ By.) {Ding (= 1)" Dy, ry, (3.2) 


(4, when 7= K, 
Si = 
\0, when i= K; 


where the Bei are generalized spherical functions which depend on the Euler ang- 
les defining the orientation of the nucleus. 


The spin 3 wave function is given by the simple expression 


%s = Dy = ) oe (Ding aa Din: —2) 


The coefficients Axi for the other rotational levels in (3.1) have been cal- 
culated.§s7 As an example we give the wave functions of the first 
states of 0sl90 (with y = 21.4%): 


do, = 0.996 Dy -+ 0.087 D9: 
bar = 0.95 Dy + 0.3 Dyy + 0.02 Oya: 
= — 0,087 D., + 0.996 D,,; 
Mi ae 20 22 (3.3) 
das —-— 0.3 Dao +E 0.95 Dy. + 0,02 D,,; 
der = 0.85 Dey + 0.52 De, + 0.06 De, + 0.002 Deg. 


It has been shown®s? that for nuclei with E9(2) /E; (2) > 6.9, which corres- 
ponds to y < 159, the rotational-level wave functions can be approximated by ex- 
pressions with only a single K. For instance, the wave functions for the spin 2 
states may be approximated by the expressions (in order of increasing energy) 


V 5 
doy == D,, —— CIES Ds 9 


¥ 
doo = Dog = V 16 (Diz + Din, =3) 


The spin 4 wave functions can be approximated by 


] Fi 9 4 
dar = 8 nz Dino; 


da = V = (Ding + Dim, —2) (3.5) 


9 
das = Vo qogz (Dina + Din,-a) » etc 


For such cases, then, the rotational excited states can be characterized by 
the two quantum numbers J and K. In this approximation the normal rotational le- 
vels have K = 0. The anomalous levels can be subdivided into those with diffe- 
rent values of the projection of the total angular momentum on the nuclear symme- 

; 160 168 
try, i.e., K = 2,4,6,.... Fig.3 shows the level structures of Dy > Br and 
pu23s , together with the presently accepted values of K and J. 

Since the wave functions of the rotational states can be uniquely determined 
if y (or E9(2)/E,(2)) is known, it is possible to calculate the reduced probabi- 
lities for radiative transitions between these levels. For instance, the reduced 
probabilities for quadrupole transitions are easily calculated when one recalls 
that the quadrupole transition operator is 


rotational 


(3. 4) 


Ox = eQy {Pi cos ¥ + we (Dis + Di,,—s) sin 1| ’ 
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where Q, is the internal electric quadrupole moment of the nucleus. 

The reduced electric quadrupole transition probabilities are given in units 
of 62Q? /16x? (the reduced electric quadrupole transition rate to the first level of 
an axially symmetric nucleus) in Table 2. 

The reduced probabilities for transitions between rotational levels in even- 
-even nuclei satisfy certain sum rules. For instance, the sum of the reduced pro- 
babilities for transitions from both levels with spin 2 to the ground state is 


equal (in -Q?/16n2 units) to unity; i.e., 


b (£2; 21-+0) + 6(£2; 22-0) = 1; 7 8(S,6) 
further 
b(B2: 13 —> 22) 400 (E2324) = 8 /i a: (3.7) 
Table 2 It follows from Table 2 that the 
Reduced electric quadrupole transition electric quadrupole transitions be- 
probabilities tween rotational levels of even-ev- 
Y en nuclei can be divided into three 
hat 20 oa a types: 
Or ge Ree 08 toa ‘= 1. Transitions, the reduced pro- 
essen a VES oan ocr ce incre babilities for which are of the or- 
b(£2; 22-21) 0 0,054 0,36 0,86 1,43 der of unity. Among these are cas- 
4s: Soy) i ee oe AeA en cade transitions between levels of 
b(E2; 341) 0 0,034 | 0,44 0.82 | 1.0 the normal rotational band and tran- 
b(E2; 44-21) Ss 43u hed 30 ie! 1,36 4,39 iti 
BUFO: 44-229) 0°02 0°03 0°04 ; sitions between anomalous levels 
b(E2: 42-21) 0,59] 0157 | 0:48 | 0/43 |0,59 With different spin, for example, 
oe 135" 128 0,98 0,45 0 3-922, 42—93, 42-922 transitions. 
Fo 61th 157 vie aes er nee 2. Transitions between levels of 
b( £2; 6142) 0 0,008 0,05 0,04 0 the normal band and anomalous lev- 


els of different spin. For example, 
3—921, 41-22, 42-921, 61-242 and similar transitions. The reduced transition 
probabilities for this group are zero for y.= 0° or 30° and small for other val- 
ues of 7. 

3. Transitions between levels with the same spin, for instance, 22-21, 
42—e41 and similar transitions. The reduced transition probabilities for this 
group are zero for y = 0° and increase with y, attaining a maximum (of the order 
of unity) at y = 300, The 3-41 transition is also of this type. 

When the rotational motion is such that K is approximately a good quantum 
number, as described above, the nonzero reduced quadrupole transition probabili- 
ties between levels with given J and K are given by the simple expressions 


b(£2; JK —+J'K) =5(2J 0K | J’K)? cos? x; 
b(H2; JK + J'K + 2) = 5/o (41 + 8x0) (2J2K | J’K + 2)? sin? 7; 
b (E2;JK — J'K — 2) = /y (1 + 8x2) (2J2K | J’K — 2)? sin? x, 


where the |(J;/,m,m.|Jm) are Clebsch-Gordan (or vector addition) coefficients. 
Thus when y < 15°, the most probable E2 transitions take place when 


AY Ge — Ai (3.8) 


Transitions in which the selection rule (3.8) is violated are usually called 
K-forbidden. When y > 15°, one must use the exact wave functions since for such 
nuclei K is no longer a good quantum number. The explicit exprosalana for the 
reduced transition probabilities between the two spin 2 levels and the neighb 
ing levels with spin 0 and 3 are then of the form cane): 
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ah) ee 3 — 2 sin? (3y 
ES eae Gears rece al 
Die wees OQ) | | ee sin (Bx) Se 
3 V9—8sin® (By) ; 


eee yee Sy 
, 7 (9 — 8 sin? (3y)) ’ 


’ 


b (E2; 3+ 22) = 35 (1 + ae Gy 
28 V9— 8 sin? (3y) 
b (E2; 321) = 3 (1— 2s 
28 V9— 8sin? By) | ° 
Thus our theory® »7 of rotational levels of nonaxial nuclei can be used to 
Calculate the quadrupole transition probabilities between all rotational states 
of a nucleus. All of these rates are proportional to the Square of the internal 


electric quadrupole moment of the nucleus. The ratios of the transition rates 


will therefore depend only on 7, or on the energy ratio for the two spin 2 levels. 


Table 3 
Ratios of reduced electric quadrupole transition probabilities 
a 


b(E2; 22-21) 
b(E2; 22-0) 


b(E2; 22-21) 
b( £2; 21-0) 


= heo GhEO. bee eX). 
(PRES 8,1 2, 1,3—1,5 
Ane 15,4 | 10,3 ‘NT 1,8 0,052 0,014 
we A da 6 eT 1,6 
Dyts | 41,0 | 12,2 1,9 2,4 
Sm152 8,9 | 13,5 1,9 eT 
Gd154 8,41 | 14,0 2,6 1,94 
ws4 8,0 | 14,1 3,0 2,4 0,18 0,12 
Os188 4.4 | 19,3 45 2,7 0,32 0,19 
Os}80 3,0) 2454 led. elk 0,50 0,52 
ae 2i¢ |h23/2 13 25 
Os192 2,4 |25,4 24 eet 0,90 0,68 
el Peo 20.3 40 30 1,29 2,8 
Cdleee 2207") °26.8 78 line 
Tel26 eae || PaaS 104 200 
ae 4,97 | 30 oe) >2500 


Table 3 gives E5(2)/E,(2), the corresponding values of y, the experimental 
and theoretical ratios®»’ of the reduced transition probabilities for the cas- 
cade and cross-over transitions from the second spin 2 level, and the values of 
bi(B2; 22'-3121) 
b(£2; 2140) ° 
satisfactorily predicts the experimental results. Thus, as ¥ varies from Bele 

B( E2720 921) 


the reduced probability ratio It will be evident that the theory 


to 27.50, the theoretical value of 6 (E2; 22-0) changes by approximately two or- 


ders of magnitude, in agreement with experiment. 
It is interesting to consider the ratio of the reduced probabilities for 


transitions from the ground state to the two spin 2 levels; this is, 


b(E2; 0-22) _ V9 — 8sin? (3y) —3 + 2sin? (3y) 
b(E.2; 0 21) V9 — 8sin? (3y) + 3— 2 sin? (3y) 
It is important to know this ratio if one want to evaluate the possibility 


(3.9) 


Bor exciting the 22 level by the Coulomb field of fast charged particles. 


The ratio in (3.9) is greatest when E9(2)/E ,(2) lies between 2.4 and 6.28 


) (25° > y > 15°) and becomes very small when E2(2)/E](2) is greater than 64 or 


less than 2.01. The theoretical and experimental values of this ratio are given 


in Table 4 (the experimental Coulomb excitation data were taken from the work of 


gean & Touchard2?) . 
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Table 4 
Ratios of the reduced probabilities for transitions to the spin 2 levels 


b(HQ; O22 b(E2; 0-22) _ 
DCE; Qe2l) <4 E,(2) ‘ b( #2; 0-21) 
Nucleus Y Nucleus |" ay] ea. 
theo. XP. theo. | exp. 
Ost 2.9 20 0,072 0,04 Rut | 2,24 | 25,1] 0,043 0,015 
Ryo 2.55 | 23,7 | 0,057 0,024 Pdi | 2,20 | 26,5] 0,027 0,017 
Rutot 2,56 | 24 0,055 0,018 pds 2,48 | 27 0,02 0,04 
Gane | 2.85 | 25 0,044 0,024 Cd! | 2.47 | 27 0,02 0,02 


In order to avoid uncertainties associated with different populations of the 
various rotational levels, one should compare transitions from some one given ini- 
tial state to different final ones. Unfortunately, there are, as yet, only scanty 
pertinent data available. Nathan and Waggoner23 give experimental values for the 
intensity ratio of the E2 transitions 3-41 and 3-+21 in Sm!%2, This ratio leads 
to an experimental transition probability ratio of 1.88. From the energy ratio 
E2(2)/E](2) = 8.9 it follows that y = 13.5° for Sm152; then the theoretical tran- 
sition probability ratio is 1.37, which is in satisfactory agreement with the ex- 
perimental value. 


According to Waddell and Jensen24, oe zs an = 0.016 in Kr82, This gives a 
value of y slightly larger than 29°. A y value between 29° and 30° is in good 
agreement with the observed spin 2 energy ratio of 1.9, when one recalls that in 
this nucleus the adiabatic conditions are not very well satisfied. 

In conclusion to this section we shall discuss the second excited level with 
spin 2 in tungsten isotopes. In a recent contribution by Alkhazov et al25 it was 
asserted that the second spin 2 levels at 1222, 891 and 730 kev in wi82, wi84 and 
wi86 are y-oscillation states. In their principal argument in favor of this view, 
Alkhazov et al make use of the experimental reduced probability ratio for electric 
quadrupole transitions to the ground and first excited states of these nuclei. In 
our notation, this ratio may be written as 


B (E2; 22-0) 
B (E2; 225 i) (3.10) 

If one assumes that the assignments for the second excited state are J = 2 
and K = 2 and that for the rotational levels K = 0, Alaga's theory26 predicts 
that this ratio should be 0.7 for all the tungsten isotopes. Table 5 gives the 
experimental values of this ratio according to Alkhazov et al25, the spin 2 level 
energy ratios, the values of y corresponding to these ratios, and the value of 
(3.10) predicted by our®,7 nonaxial theory, 


Table 5 


Ratios of reduced electric quadrupole transition probabilities 
eer 


B( By} 22-0) 


BUR; Bsa) 


_Fy (2) 
By (2) 


Nucleus 


y ———— 


experimental 


exp. [25] | theo. [6,7] 


theo, [26] 
" (27, 28) | (29) 
1,2 0,59 0,62 | — 
0, 6§ 0,42 0,55 
0,53 0,37 — [0,42 


ee 
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' If we allow for the considerable uncertainty in the data of Alkhazov et al25 
for wi82 (the authors mention that the results were obtained by averaging only 
four runs), it follows from Table 5 that our nonaxial theory reproduces rather 
well the reduced probability ratio values and the variation of the ratio in going 
from one isotope to another. The experimental data are not in agreement with Ala- 
ga's value of 0.7, and support our theoretical inference that K is not a good 
quantum number. 

These levels of tungsten cannot be single-particle levels. If they were, the 
ratio of the competing magnetic dipole and electric quadrupole modes of the 22-621 
transition would be greater than unity. Actually, the transition is almost en- 
tirely electric quadrupole, which tends to support the contention that these lev- 
els are essentially rotational (see also Davydov and Filippov®°). 

We hope that the accumulation of new experimental data on the transition pro- 
babilities in even-even nuclei will enable us to effect a fuller comparison with 
the predicitions of the theory of rotational states of nonaxial nuclei. 


4, Intensity Rules for B-Transitions to Different Rotational 
States of Even-Even Daughter Nuclei 


When one knows the wave functions of the rotational states of even-even nuc~ 
lei, one can sometimes calculate the relative intensities of B-decay from a given 
initial state of the odd-odd parent nucleus to the different rotational levels of 
the daughter nucleus. These relative intensities obey rules analogous to the in- 
tensity rules for the fine and hyperfine structure of atomic spectra. Alaga and 
his co-workers2© considered these rules for axially symmetric nuclei. In a recent 
contribution? the writer investigated the rules for the nonaxial case. 

In the adiabatic approximation the wave function of the initial spin I state 
of the parent nucleus may be written 


Pra = Pr (7) 21d Dig: (4.1) 


If in the B-decay the electron and neutrino carry away angular momentum L, 
the ratios of the reduced probabilities for B-transitions from a given initial 
state to the different rotational levels corresponding to asingle internal state 
of the daughter nucleus are given by 


a, Aly ILKK' — K|J'K') |? 
Pp KAKH 4 ( | ) 


rr, sd =) (4. 2) 
Be LK J" " wy 
(Lil li") | ap Av ILE" — K|J°K )| 


ne 
min (K + K'), for |K’=40 and K-40, 
min(K + K"), for |" == OQeand K = 0. 


If the nucleus is axially symmetric and therefore K is a good quantum number, 
(4.2) goes over into the expression obtained by Alaga et al 26 for the rotational 
band of a daughter nucleus with a given (fixed) value of K', namely, 

B(L; IK J'K’) _ (ILKK'—K|J'K') 
BiL; IR— JK’) ~ —(ELKK’— K|J°K’? * 

For B-transitions allowed either by Fermi or Gamow-Teller selection rules, 
the reduced transition probability is inversely proportional to tf,, where T 1s 
the half-life and f/f, is the Fermi function, the integral of the electron energy 
distribution function. 
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In the general case there is no such relation for forbidden transitions, pro- 
bably because such transitions involve a combination of different types of inter- 
action, the relative contributions from which are difficult to evaluate. An ex- 
ception is formed by the so-called "unique B-transitions” (see Section 38 of the 
author's pook2) , 

In the case of unique n-fold forbidden transitions (L —n-+ 1,parity changes 
for odd n) the reduced transition probability is inversely proportional to. S7,, 
where 7, is the integral of the distribution function for ine | Sean type of decay. 
If one neglects the influence of the Coulomb field, Davidson has shown that one 
may write approximately 


In = Cnfo, (4.3) 
where c, is a quantity depending on the transition energy (H,) and given roughly by 


p= (Eos a (oie! 
Thus for Gamow-Teller allowed transitions (n= 0) and unique transitions, we 
have 
th, (I> J’i’) Bai: Les ea) 
cf (aoe i) Ea B (ial esei ay (4.5) 


where L=—n-+1 and the ratio of the relative probabilities is given by (4.2). In 
comparing (4.5) with experiment one must bear in mind that the experimental +/ 
values usually given are ‘t/,, inasmuch as Fermi's formula for allowed transitions 
is commonly employed to evaluate ;f. For unique transitions, therefore, one must 
introduce a correction according to (4.3). 

As an illustration of the above, let us calculate the ratios of the reduced 
probabilities for the decay of Rel86 to the rotational spin 2 levels of Osl86 
with energies 764 and 137 kev. According to Guss, Killion & Porter34, the ground 
state of Ret86 has spin zero and odd parity. In the B-decay to the first excited 
level (end-point energy 934 kev; log Tfg = 8.0) L = 2 and the parity changes. 
Thus this transition is a once forbidden unique transition. This conclusion is 
supported by the large t/ value and the shape of the B-decay spectrum, which, 
when the correction factor is taken into account (see Section 38 of Ref.32) , gives 
a rectilinear Kurie plot. 
cues ground state of Rel86 has J = K = O, and the wave functions of the two 
Os rotational levels (¥ = 18° for E9(2)/E](2) = 5.56) are of the form 


bor = 0.997 D,, + 0.065 D,», 
bos = — 0.065 ®,, + 0.997 ®,,, 


where @,, and ®,. are the wave functions for K = O and K = 2, respectively. Using 
these facts and (4.1), we find 


fae ae ah ah 
B (2; 0 22)\thoo, 


fo (0 — 22) 


Experiment gi io ——— = 
xperiment gives the ratio tho (0 21) == oan 


The end-point energy in the B-decay to the second excited level i 
is 307 kev. 
Using (4.3) and (4.4), we find 


th (0 > 22) 
fi (0— 21) 


which agrees with the theoretical ratio. 


== 1.47, 


MMS NAVA ts, 


- 801 - 


I 


Let us mur thes consider the excitation of the rotational Os!99 levels by B- 
-decay of Re and K-capture in Ir!9 The relevant decay schemes are shown in 
Fig.1,b. In (3.3) we have given the wave functions of the Os!9° rotational states. 
If one assumes that the ground states of Rel90 and Irl90 are approximately charac- 


terized by the wave functions pb?, and pD3 ., we can use (4.5) to calculate the ra- 


tio ou the reduced B-decay (L = 1) and K-capture probabilities to the different 
rotational levels of Osl90, The results of such a calculation® are shown in Table 
6, where the values are given in units of the reduced probability for decay to the 
second excited spin 2 level. 


Table 6 yields a qualitative explanation of 


Table 6 the experimental observation that Rel 90 B-de-~ 
Ratios of the reduced at al cays only to the 22 rotational level, and that 
ties for K-capture of Ir!90 and K-capture in Ir!99 excites only the 22 and 42 
B-decay of Rel 90 levels in 0s190, 
SRE, = Unfortunately, it is difficult to compare 
isd.s2 Bd; 3> 2) OS theory with experiment, since the a, coeffici- 
ents of (4.1) are not known for the odd-odd 

44 0 6-10-4 . A 

Of 7.6-40-3 8.404 parent nuclei. If we had experimental t/, 

64 0 0 values for unique B-transitions to the diffe- 

42 0 (le? 


rent rotational levels of the daughter nucle- 
us, we could calculate the ax from (4.5) and 
(4.2), and thus obtain the wave functions (4.1). This might be of help in under- 
standing the properties of odd-odd nuclei. 


5. On the Equilibrium Shape of Even-Even Nuclei 


As has been pointed out above, many properties of the first excited states 
of even-even nuclei, such as the sequence of spins, the energies, and the proba- 
bilities of radiative transitions between them, can be understoad if one assumes 
that the equilibrium shape of the nucleus is not axially symmetric. In fact, in 
view of the experimental data, it must be assumed that the "nonaxiality" paramet- 
er y for some nuclei is ~30°. 

The deviation of nuclear shape from axial symmetry requires explanation. In 
the literature one sometimes comes across insufficiently critical assertions such 
as "The preference for axial symmetry is also consistent with theoretical esti- 
mates of the equilibrium shape for the nuclear shell structure” (Alder et al, 
footnote on p.525). Whenever the theoretical en Ore minimum corresponds to an 
axially symmetric nuclear shape, many authors! +21:39;36 introduce the assumption 
of axial symmetry into the premises from which they construct their theories. For- 
mally this is equivalent to dropping those parts of the Hamiltonian which are not 
diagonal in the components of the nucleon angular moments along the nuclear sym- 
metry (z) axis. Thus, in averaging the energy of interaction of the outer nucle- 


ons with deformations of the nuclear surface, only nucleon states in which this 


component of the angular momentum is a good quantum number were included. In 
other words it was assumed that 


Die 30: (5-1) 


It is of course natural that when one restricts the consideration to the 
states of outer nucleons which satisfy (5.1) as a supplementary condition, one 
finds ‘that the equilibrium shape of the nucleus is axially symmetric. 

The first indications that nuclei may have nonaxial equilibrium shapes were 
given in some calculations by Gursky?, the results of which are described by Wil- 
ets and Jean.1°9 These calculations showed that the minimum energy of a system 
consisting of 55 protons and 91 neutrons moving in the field of an ellipsoid with 
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three unequal axes is obtained when B = 0.04 and ¥ = CeOo BE es CODER al Se in 
the same approximation, similar calculations were performed by Geilikman for a 
three-dimensional oscillator potential, and by Zaikinl2 for a square well potential. 
From these works it became clear that in many cases minimizing the energy of a sys- 
tem of nucleons will lead to a nonaxial nucleus. In spite of the fact that they 
did not include the spin-orbit interaction and made rather special choices of the 
form of the potential, the qualitative results obtained by these authors would seem 
to be incontrovertible. 

Filippov and the writer13 studied the equilibrium nuclear shape using a model 
of a core formed of a number of nucleons with two additional equivalent nucleons in 
an outer shell of definite angular momentum 7. The energy of the system was calcu- 
lated as a function of the total angular momentum J of the outer pair and the para- 
meter ¥ (B was held constant), with the operator giving the interaction of the core 
and the outer nucleons chosen as 


Hin = BT {cos 7 (8/2—J*) + V3 sin 7 (J 2— J2)}, (5.2) 


where T is a parameter giving the strength of the interaction. 

Our calculation was made for the case in which the outer pair was in the 7 = 
= 3/2 or 5/2 shell, while Wan Lin performed a similar calculation for j/ = 7/2 and 
9/2. The calculations showed that if the outer pair is in a shell with 7; = 1/2 or 
3/2, the nucleus has an axial equilibrium shape. For j/>5/2 this shape is no long- 
er axial. Figure 4 shows curves of the y-dependence of the ground-state energy 
(in units of the energy of the first rotational level) for several values of the 
dimensionless parameter 


bel ar / (gar), (5.3) 


which gives the strength of the coupling between the outer pair and the surface de- 
formations. 

5002 It will be seen from Fig.4 
that for ; >5/2 and / >1, the 
energy minimum gives a nonaxial 
nucleus. When /~10, the ener- 
gy minimum gives 7p = 30° 
(maximum nonaxial deformation). 
As / increases, the nucleus be- 
comes more nearly axially sym- 
metric, with 7¥5>-»609 as Ico. 

The dimensionless coupling 
constant (5.3) is proportional 
to the ratio of BT to the ener- 
gy of the first rotational lev- 
el of the nucleus. By setting 
: a =, ee T ~ 40 Mev and taking the ex- 

f 0 20 40 607° perimental values for B and the 
Fig.4. Ground-state energy of even-even nuclei as energy of the first rotational 
a function of 7, for several values of the level, one can evaluate / for 
strength (given by the parameter / - Eq. (5.3)) of different nuclei and make a 
the coupling between the outer nucleon pair and qualitative comparison of the 
the nuclear surface deformation. The ordinates theoretical and experimental 


values of ¥,. 


50 


700 


900 


~30 


give the energy in the dimensionless units x=e/ (gas): 
a - nucleon pair in /; = 5/2 shell; b - nucleon pair 
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CONE SE at values of Yo are obtained (with an accuracy to the transfor- 
mation 744=60 - 7¥,) by use of (2.1). It can be shown in this way that the most 
Beronely deformed nuclei (27° < yg <330) are pdal08, pgl06) cqll4, pel22, pel26, 
Pt ; ptl96 and some others in which the number of protons differs from the magic 
numbers 50 and 84 by two or four. One finds that with T ~ 40 Mev and with B as 
calculated from Coulomb excitation, the coupling constant / for these nuclei lies 
between 15 and 80. 

For nuclei in which E9(2)/E,(2) lies between 20 and 2.9, which corresponds to 
Yo between 10° and 20° or between 50° and 40°, the constant / takes on values from 
300 to 600. Finally, for nearly axially symmetric nuclei with E9(2)/E](2) > 23 
(i.e., ¥o < 10° or ¥Q > 50°), we obtain 1 > 1000. These numbers show that the 
curves of Fig.4 explain qualitatively the observed shapes of even-even nuclei. A 
full quantitative comparison would involve taking into consideration several pairs 
of inequivalent nucleons outside the core. This we have donel3 only indirectly, 
through choice of the value of B. It would also be of interest to develop the 
theory of equilibrium shapes of odd nuclei. 


Conclusions 


Rotational levels of nonspherical nuclei are one of the most important forms 
of low-energy collective excitations. These excitations play a significant role 
in many phenomena, among which are y-radiation, Coulomb excitation, Q- and B-decay, 
etc. We have here reviewed the work which attempts to explain the properties of 
rotational levels in even-even nuclei by assuming that the nucleus may not be an 
ellipsoid of revolution. 

The theory of rotational excitations is still in its initial stages of devel- 
opment. There is as yet no such theory for nonaxial odd nuclei. The limits of 
applicability to rotational states of the adiabatic approximation have not yet 
been subjected to theoretical analysis. The solution of these problems requires 
further development of the theory in addition to experimental studies of the in- 
tensity of radiative transitions between different excited states, of the proba- 
bility for Coulomb excitation of rotational levels, of the probability for Q- and 
B-decay to collective states, and determinations of the electric quadrupole mom- 
ents of nuclei in the ground state andy particularly, in various excited states. 

The problem of rotational excitations is closely related to the problem of 
the nuclear moment of inertia. An axially symmetric nucleus rotates only about 
an axis perpendicular to its axis of symmetry, so that one may speak of a single 
moment of inertia determined from the excitation energy of the first excited lev- 
el. In order to characterize the rotational state of a nonaxial nucleus, one 
needs to know the position of the first rotational level as well as the energy 
ratio of the two spin 2 levels. 

Very recently Kazarnovskii3’ put forward the interesting idea that the moment 


of inertia of a nonspherical nucleus, which is evinced in the occurrence of rota- 


tional states, is composed in the main of the moment of inertia of the nucleons in 
the unfilled shells, with a small correction due to the tidal wave induced in the 
core by these outer nucleons. Just one outer nucleon (or a vacancy in a Zit Led 
shell) introduces a moment of inertia M <r?>, where Mis the nucleon mass and <r?» 
is the mean square distance from the outer nucleon to the axis of rotation. For 


more than one outer nucleon, M <r’ is multiplied by some effective parameter which 


Ayes we 


becomes unity for one nucleon (or one vacancy), and attains a maximum value when 


the shell is half filled. The moment of inertia of the core is calculated in the 


hydrodynamic approximation, in which nuclear matter is treated as an irrotational 


incompressible fluid. ae 
This simple model seems to be capable of reproducing the basic regularities 


in the behavior of the moment of inertia as a function of A and Z. 
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Considerable success in explaining nuclear moments of inertia has also recent- 
ly been attained as a result of the work of Migda1l38 who has used the methods of 
superconductivity theory to account in a consistent way for the residual nucleon 
interaction, which is not included in the usual shell model theory. 
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CONVERSION ELECTRONS FROM yb?°® anp tm?6® 
V.Barbets, K.Ya.Gromov, B.S,Dzhelepov, A,G.Dmitriev & V.A.Morozov 


The spectrum of conversion electrons emitted in the decay series 


yb!66_EC, 7,166 _EC, Erl66 (stable) 
60 hr Med hit 

was investigated on a Ketron type (enhanced focusing, magnetic) B-spectrometer. 
The resolution of the instrument was ~0.5%; the transmission ~0.4% of 4x. The 
Yb and Tm were obtained by spallation of tantalum. To this end a tantalum 
target was bombarded with 660 Mev protons in the Joint Institute for Nuclear Re- 
search synchrocyclotron for 3-4 hours. The chemical operations, namely, extrac- 
tion of the group of rare earths from the tantalum and chromatographic (ion ex- 
change) separation of the rare earths, were carried out some 10-15 hours later 
in Leningrad. 


1. Conversion electrons from Tm 66 


In view of the fact that Tm166 is a daughter of yb!®®, it appeared not only 
in the thulium fraction of the rare earths but also sometime after the ion ex- 
‘change separation in the ytterbium fraction. Thus we had available three types 
of sources for investigating the Tm166 conversion spectrum: 
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Fig.l. Tm166 conversion electron spectrum (10 to 185 kev section). 
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Fig.2. Tm166 conversion electron spectrum (200 to 500 kev section). The hatched lines pertain to ybol69, 


1. Thulium fraction - the thul- 
ium obtained by chromatographic 
separation of the rare earths ex- 
tracted from the tantalum target. 
In this sample there were present 
all the isotopes of thulium form- 
ing in the reaction on tantalum: 
7.7 hour TmL66 | 29 hour Tm!®5 ana 
9.6 day Tm167, Tml68 with a peri- 
od of 80 days is also formed in 
this reaction, but since the for- 
mation rate is low we did not ob- 
serve electrons from Tm168 in the 
sources produced by 3-4 hour pro- 
ton bombardment. 

Off hand it would seem that in 
view of the short half-life of 
tTml66 there should be no difficul- 
ty in distinguishing its conver- 
sion electron lines from those of 
the other thulium isotopes; howev- 
er, the problem is made somewhat 
more difficult than it would ap- 
pear by the complexity of the con- 
version electron spectrum of TmL65 

2. Ytterbium fraction - the yt- 
terbium species obtained by chro- 
matographic separation of the rare 
earth elements. In the electron 
spectrum of this material there 
were detected the conversion elec- 
tron lines of two ytterbium iso- 
topes: 60 hour ybl®6 and 30.6 day 
Yb169, The time to attainment of 
Yb166__pm166 equilibrium is about 
20 hours. In investigating the 
ytterbium-thulium mixture, however, 
there is little difficulty in iden- 
tifying and subtracting the ypl69 
lines inasmuch as the conversion 
electron spectrum of Yb169 is_ well 
known, while the period of YbL66 
differs appreciably from that of 
Yb169 on the one hand, and the 
Tm166_ on the other. 

3. Thulium activity - the ma- 
terial extracted from the ytterbi- 
um fraction approximately 20 hours 
after chromatographic separation, 
i.e., after attainment of equili- 
brium of the ypl66 4 Tml166 mixture. 
This activity contains virtually 
pure TmL66 | since the decay pro- 
duct of yb!69 is stable Tm169, 


44 


k-2060 


- 807 - 


eben 
SHS 8 
x8] 2 
Ss a0 
S nw 
N ol 
= jan 
Ss 
S 
N 
cS 


K-1878 
7700 


7500 


Fig.3. tTm!66 conversion electron spectrum (>500 kev region). 


The experimental results ob- 
tained for the conversion elec=- 
tron spectrum of Tml66 are sun- 
marized in Table 1. It will be 
evident from the table that the 
most complete spectrum was ob- 
tained in investigating the yt- 
terbium fraction. This is due 
to the fact that the intensity 
of the Tml66 conversion lines 
falls off here with the period 
of the parent substance (60 hr) 
and hence this source is more 
convenient for studies of the 
present type. The conversion 
electrons detected in investi- 
gating the ytterbium fraction 
can belong toeither Tml6§ or 
Yb166, One can attribute a gi- 
ven conversion line with cer- 
tainty to Tm6 only if the 
same line is detected in inves- 
tigating at least one of the 
other two sources; in case it 
is detected in the thulium frac- 
tion,it is also essential to 
know that it does not belong to 
Tml65, i.e., that its period is 
8 hours rather than 29 hours. 
There are other considerations 
which can be utilized for solv- 
ing the assignment problem. For 
example, Gorodinskii et al! in- 
vestigated the y-spectrum of the 
ytterbium fraction immediately 
after separation of thulium from 
it and established that the yt- 
terbium fraction does not have 
y-rays with E, > 300 kev (the 
energy of the hardest Ybl©9 y- 
rays is 308 kev). The value of 
these results, however, depends 
on quantitative evaluation of 
the intensity bounds for y-rays 
with Ey, > 300 kev. Unfortunate=- 
ly, Gorodinskii et al made no 
such evaluation. In order to he 
safe in attributing conversion 
electrons in the 500 to 800 kev 
region to tTmLS6 one must be sure 
that the limiting intensity of 
the yble6 y-rays in this region 
does not exceed 0.005 of the 
yble6 81 kev y-ray intensity 
(see below). One can arrive at 
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Table 1 


. 166 
Experimental data on the conversion electrons of Tm 


Pure Tn Averages 


Tn fraction Yb fraction 


Identi- 


Relat. ea | aoe Hes | Relat. He, |Relat. | fication 
intens.| kev |intens.|kev | intens.]} kev vanes 
1 22,5] 16 22,5} 16 K-80,0 
2 36 1 36 2,2 K= 
3 45 174 45 1\4 K—LM 
4 70,4| 36 70,4} 36 L-80,0 
5 THO hat TT, Eh ae ag MM-80 
6 79.2 , 19°2)e N-80 
4 Hee ee 
DAN |B VAG) 72 - : : -1d0, 
cnbaaea lianas Ge) per \ige’s | aoa Naa) 4 0,24 | K-493,6 
4 457,91 0,40 |156,6} 0,18 157,2 ; -214, 
it 173.8, 1,00 |173,8| 1,00 174,6 1/00 5-185,9 
180.7 -183, 
3 182,6/ 0,35 |4g9’9| 9,33 | 4go’ol 0,34 | (1v.483'9 
14 205,5| 0,025 2055} 0,025 | L-214 
15 212°7| 0,010 242°7| 0,040 | M-214 
16 224'4| 0,019 22441 0,019 | (K-282) 
17 244'3| 0.047 24473| 0,017 | K-299 
18 289°2) 0,022 289°2} 0,022]  (L-299 
K-347) 
19 295,4| ~0,006 295,14] ~0,006 | M-299 
20 336 0,009 336 0,009 | (L-347) 
24 347,5| 0,022 347,5| 0,022 K-405 
22 ~375 | ~0/040 ~375| ~0,040 | (K-433) 
23 ~394 | ~0,003 ~394| ~0,003 | L-405 
24 | 403,4 401,9} 0,060 |400,7} 0,058] 402,0/ 0,059 |  K-459,5 
25 j 449,7| 0,042 449,7| 0,012 L-459,5 
26 ~4584| ~0,003 ~458.1| ~0,003 |  M-459 
27 ~464 | ~0,003 ~464| ~0,003 | (K-52) 
28 | 535,0 538,7| 0,022 538,7| 0,022]  K-596 
29 | 53877 542°8| 0,006 540.8] 0,006 | . K-598 
30 548,9| 0,003 548°9| 0,003 
31 585,9| 0,008 585,9| 0,008!  L-596 
32 | 617,5 616/2| 0,017 616.8] 0,017|  K-674,3 
33 | 635,7| 0,040 635,7| 0,032 635,71 0,032]  K-693 
34 | 6505] 0,052 649'4) 0,053 649'9| 0,053 |  K-707 
35 66279) 0,004 662.9 0,001] L-674 
36 68373} 0.006 683/3} 0,006] 1-693 
37 69174] 0,004 691°4| 0,004] (K-749) 
38 69871] 0,009 698:4} 0,009]  L-707 
39 | 705,2 702'7| 0.047 702;7| 0,017] (K-760) 
40,1795; 6\iem ag 723°4| 0,059 72451 0,059 |  K-782 
44 |731/6s| ° 731/4| 0,026 731°5| 0.026 | K-789 
42 750,0| 0,004 750.0] 0,004| L-760 
43 774,9| 0,045 774.6 0,015| L-782 
44 779.6] 0.006 779.6} 0,006]  L-789 
45 820.4] 0,012 820.4, 0,012]  K-877.5 
46 1100'5| 0,005 1100/5] 0,005 | (K-1158) 
47 |1124,2} 0,027 | 412572] 0/027 1124 0,027 | K-1184 
48 1150/9] 0.003 1154 0,003 | (K-1209) 
49 1173'4| 0,002 1173 0,002 |  L-1184 
50 |4248,0] 0,036 | 41224 0,040 1220 0,038 | K-4277 
54 1252 | —0'002 1252 0,002 | (K-1309) 
52 1272 0002 1272 0,002 |  L-4277 
53 |1319,7| 0,015 | 1323,6| 0/012 1322 0,013 | K-1380 
54 1366 ‘ 0,002 1366 0,002 | (K-1423) 
: 1820,6] 0/008 3 
56 |2004,3) 0,012 | 2004 0,017 2003 O01 2060. 
57 |2029' | 0,005 | 2034 0,006 2030 0,006 | K-2088 
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analogous inferences utilizing the yp166-Tml66 mass differences following from 
Levy's empirical formulas? (436 kev) and Cameron's semi-empirical formula? (117 
EV) « The uncertainty in these formulas is very great (400 kev), nevertheless it 
a be assumed that no hard y-rays are emitted in the decay of yb166, We there- 
eel oar Seo nail mine except the 81 kev y-rays are emitted 
Fig.1 shows the conversion electron spectrum of Tm?66 in the region from 10 to 
185 Kev based on measurements of the thulium source extracted from the ytterbium 
fraction. The intensity of all the lines shown in Fig.1 fell off with a period of 
about 8 hours. Investigation of this section of the spectrum in the radiation 
from the thulium and ytterbium fractions was hampered by the presence of intense 
lJines due to the other isotopes. Fig.2 shows the Tml56 spectrum in the region 
from 200 to 500 kev; Fig.3 - the conversion spectrum in the region above 500 kev. 


This section of the spectrum could be investigated properly only with the ytter- 
bium fraction source. 


Table 2 
Comparison of the experimental K/L ratios with the theoretical ones for 
different multipole orders 


e/a Multipole 

EK, kev K funy oe order 

, | Pc dewael) 2s ocean its uet si eats 

80,0 | 0,45-+0,05 | 7,0 | 0,42 | 0,27] 7,2 | 3,8 | 0,66| #2* 

see 8 66 | 476 |0'33| 64 | 4.5 | 4.9 | Bf; (M4482); M2 

183°9 | 2240.2 | 6:7 | 20 |0'53| 6.6 | 4.4 | 274 | #2 

214.4 | 640,14 65 | 24 |o'7 | 74 | 434 | 228 | Bt; (M1482) 

M50 an} eS I 69 | 46 |3'2 | 68 | 5.9 | 472 | BA; (M1+52) 
(M2-++E3) 


*Multipole orders unambiguously assigned in Table 3. 


In working with the thulium 
Table 3 sources we succeeded in detect- 
ing only the most intense con- 
version lines. Hence there can 
be no doubt that the most intense 
lines in this section belong to 
cag te Tml66, (In view of the reasons 
slit ng Se ee adduced above, we believe it high- 
ly probable that all the other 


Comparison of the relative K, Ly + Lyjz and 
LyIqr conversion line intensities with the theo- 
retical values for different multipole orders 

SS Secs i a a ee ee, 


ao lines in this region also belong 
Jamie to Tm156,) 
87:(193)* a A 
ee Bee on 330 : 100 - 66 In view of the results of our 
Ref.6 440: 100 : 103 — measurements of the conversion 
Za Ref.7 419 : 100 : 110 = electron spectrum of the equili- 
Bee eted 890 : 100 : 27 780 : 100 : 16 prium ybl66 + Tm166 mixture, it 
E2 83 : 100 : 93 300 : 100 : 50 may be safely asserted that the 
E3 5,3 : 100 : 99 2 eg intensity of any conversion lines 
M1 730 : 100: 4,2 670: 100: 1,4 
M2 500: 100: 2,8 490 : 100 : 10 in the 820 to 1100, 1350 to 1820 
M3 136 : 100 : 120 35 > 100 : 40 and 2100 to 3000 kev intervals 
——— does not exceed 0.002 (in the un- 
*Figures in.( ) are the integral Ly + byz + Lyry ttclot Tablell). 


intensities. 


s hedaankte ck Sane Wn FS TN 
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The experimental K/L conversion line ratios are compared with the theoretical 
ratios for different multipole orders in Table 2. The theoretical values were 
calculated from the tables of Sliv & Band4. It will be evident from Table 2 that 
the experimental K/L ratios for the 80.0 and 183.9 kev y-transitions are close to 
the theoretical ratios for E2 transitions. A number of investigators ~" give re- 
liable data on the relative intensities of the (Ly + Lyy) and Lyyzz conversion 
lines. Comparison of all the available experimental data with the theoretical 
conversion coefficients leads to the unambiguous multipole order assignments for 
these transitions listed in Table 3. 

The most probable assignments for the other y-transitions are. shown in the 
last column of Table 2. 


A/Hp 
L-60{+L-81 
K-80+* K-81 
a 
30 @ NW/tp 
y K-183,9 
2 
15 


w-60+n-61 "100 1200 1300 Kp 


K-183,9 
0 x Gn0 So ee 
W/Hp 400 600 600 1000 1200 Hp,&s-cM 
L-80 *d -6f 

30 ® W/Hp 
4 

X-183,9 
2 


K-B0+K-BI 


1 
00 =1200 = 1300 
M-B0+H-84 


<00 600 B00 1000 i200 fe tstn 
Fig.4. Conversion electron spectrum of ybl66 

: a) 1 hour aft 
patrantion of Tm166 from the Yb166 sample; b) after BET in 
of YbL66~7m166 equilibrium (i.e., about 60 hours after chroma- 
tographic separation). The solid columns indicate the relative 
intensities of the conversion electron lines. 
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2. Conversion electrons from ypl66 


In SGee eine the conversion electron spectra of the ytterbium fraction and 
the pure Tm sample we discovered that the intensity ratio of the K and L conver- 
sion lines associated with the 80 kev y-transition differed appreciably in the two 
Gases. Baranovskii & Pokrovskii® investigated the y-spectrum of the ytterbium frac- 
tion immediately after separation of thulium from it and established that y-rays 
with an energy of about 80 kev are emitted in the decay of Yb!66, 

4 Grigor'ev et al® investigated the conversinn lines associated with y-transi- 
tions of about 80 kev energy appearing in the decay of Ybl66 and Tml66, They en- 
ployed a double-focusing B-spectrometer with an instrument line half-width of 
0.3%. The higher resolution of their instrument, as compared with ours, enabled 
Grigor'ev et al to resolve the structure of the integral L line associated with 
the ~80 kev y-transitions in Yb166 and Tml66 and thus establish the precise ener- 
gies of these y-transitions. They found that the energy of the transition occur- 
ring in the Yb166-—»Tml66 decay is 81.0 + 0.2 kev; that of the transition in the 
Tml66—sFr166 is 79,4 + 0.2 kev. 

In order to determine the relative intensities of the K and L conversion lines 
of the 81.0 kev transition in Tm166, we followed the variation in the intensity of 
the conversion lines in the spectrum of the ytterbium fraction in the interval 
from 10 to 150 kev, starting 1 hour after separation of the daughter thuliun. 

In all we carried out eight series of measurements over a period of approxi- 
mately 60 hours. The spectra obtained in the first and last series are shown in 
Fig.4. It was established that the intensity of the K line associated with the 
183.9 kev transition in Tm156 (see Table 1) increases in accord with the rate of 
puild-up of Tm166 from ybl166, In view of this it may be asserted that the K-183.9 
kev line is due solely to Tm166, Utilizing the intensity of this line and the 
data on the relative intensities of the Tm166 conversion electrons from Table l, 
we could determine the relative intesities of the yb166 lines at any instant. 

The mean value (average for the eight series of measurements) of the K/L ratio for 
the 81.0 kev y-transition is 5.8 + 0.5. The extreme values, obtained in the first 
‘and sixth series were 5.2 and 6.8, respectively. 

Our K/L value is in good agreement with the data of Grigor'ev et al§ (6.3 + 2) 
and closest to the theoretical ratio for El and Ml type transitions. In the work 
of Grigor'ev et al the multipole order of this transition was established unambi- 
guously as Ml from the (Ly + Lzy)/Lyqqz ratio. 

The relative intensities of the conversion electrons associated with the 79.4 
and 81.0 kev transitions in the equilibrium ybl66 + Tm166 mixture are the follow- 
ing (in units of Table 1): ' 


Tm166 Er166 
K-81.0 49 K-80,.0 16 
K - 2L PY) K - 2L 2.2 
L-81.0 8.3 L-80.0 36 


K-183.9 2.2 


Nervik & Seaborg? measured the energies of th y-rays accompanying Yb!66 
—sfml66—+Frl66, Gorodinskii et all established that all these y-Yrays, except the 
110 and 140 kev y-rays, follow the decay of gml66, We did not detect any conver- 
‘sion electrons associated with the 110 and 140 kev y-transitions. The upper 
‘pound for the intensity of the L-110 line referred to the intensity of the K-80 
line is 0.2%; the upper bound of the intensity of the L-140 line is 0.5%. 


a haha a 
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3. Intensity of the K - 2L Auger electrons 


As will be evident from an examination of Figs.1 & 2 there are no conversion 
lines in the region of the K - 2L Auger peak in the conversion spectra of Tm166 
and Yb166, Hence one can evaluate the intensity of the K - 2L Auger electrons. 
The evaluation is hampered somewhat by the extended slope of the L lines associa- 
ted with the 80 and 81 kev transitions, but the error in evaluating the K - 2L 
Auger intensity probably does not exceed 50%. 

Comparison of these data with the x-ray intensity gives us the Auger yield. 
The yield of K - 2L Auger electrons is ~2.7 + 1.4%. Bearing in mind that the 
K - 2L Auger yield accounts for about 60% of the total yield of K Auger electrons 
(Ref.10), we obtain a value of 4.5 + 2.2% for the total K Auger effect yield. 
This value is consistent with the data on the Auger effect in this region (~6.5%) 
given in the literature! ,12, 


"v.G.Khlopin” Radium Institute, 
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GAMMA-SPECTRUM OF Tm166 ann yp166 


- V.I.Baranovskii & V.N. Pokrovskii 


As part of our study of the rare earth products of spallation of tantalum _un- 
Ber Bereorhe by 660 Mev protons, we investigated the genetic series yb166_EC y 
—Tm —<eErl66, We employed the scintillation technique described in Ref.1 

Even in the first experiments! it became apparent that there is a great ani 
larity between the spectra of the ybl66 + Tml166 mixture and pure Tm166, separated 
by the ion exchange procedure from the Yb fraction. Measurements siitved that 
these y-spectra consist of lines with the following energies: 80, 153 (weak), 190 
(group) , 400-600 (series of weak lines), 690, 780, 1180, 1280, 1380, 1880 aa 
2060 kev. Inasmuch as the energies of these lines and their relative intensities 
ie oe BY puns of the peecueeee Yb166 4 Tal66 and pure Tml66 virtually 

; y be inferred that Yb has no noticeable lines in this region, 
or if Yb166 does have such y-lines, their energies are virtually identical with 
the energies of the Tm166 Y-rays and their intensity is at least 10-20 times low- 
er than the intensity of the corresponding Tml166 y-lines. The fact that ybl66 
emits no y-rays with Ey > 100 kev is consistent with the Yb!66-Tml66 mass diffe- 
rence, which is estimated to be 436 + 300 kev (Ref.2) or 117 + 300 kev (Ref.3). 

The relative intensity of the 80 kev y-line in the spectrum of yb166 + Tm166 
proved to be higher than in the spectrum of pure Tm166; hence it was natural to 
assume that Yb166 does have a y-line of approximately this energy. To check this 
we carefully followed the variation in the intensity of the ~80 kev line and the 
190 kev group in the spectrum of a Yb source purified of Tm prior to measurement. 
In processing the experimental results, we kept in mind that in addition to yb166 
a certain amount of ybl®9 was present in the ytterbium fraction. Resolution of 
the intensity variation curves for the 80 and 190 kev y-lines showed that the 190 
kev y-group is due exclusively to build up of TmL66 (not over 5% of the intensity 
of this line group can be attributed to Yb166), whereas the 80 kev line is due to 
“the activity of both Tml66 and yp166, The relative intensity of the 80 kev y- 
=transition in Yb166 is 1.5 + 0.2 times higher than the intensity of the 80 kev 
transition in Tml66, 

We note that according to our experimental data the half-life of. Yb166 is 
56 +1 hour (Nervik & Seaborg4 report 53.8 hours; Michel & Templeton” - 58 +1 
hours). Our data on the y-spectrum of Tml66 are in excellent agreement with the 
data on the conversion electron spectrum of this isotope reported by Brabets et 
al6., It should be noted that in the y-spectrum of Tml66 there also appear dif- 
fuse lines with energies of ~1.0 and ~1.6 Mev. They presumably have a secondary 
origin and are due to pair production by the ~2060 kev gammas. 

Using our data on the shape of the y-lines and the efficiency of our crystal 
in detecting y-rays of different energies, we carried out a resolution of the 
Tm166 y-spectrum into individual components and calculated their relative inten- 

sities. In the process, however, a number of close line groups (for example, the 
780 kev group consisting of lines at 760, 782 and 789 kev) were not resolved into 
individual components. The results are summarized in the table. 


Energies and relative intensities of Tml66 y-lines 


Ey, kev 48 80 153 184 194 215 450 524 596 690 780 1180 4280 1380 1880 2060 
(x) 
Ly CO Osl* a4oess ob) ~ 8) od 20s 40: T1782 12 8 40 


*Upper bound 


oy 
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The resolution is hampered to some extent by the complexity of the y-spectrun, 
so that the uncertainty in determining relative intensities varies from 10% (in 
the most favorable cases) to 20%. Owing to these difficulties we were unable to 
evaluate the intensities of the y-lines in the region from 280 to 400 kev, al= 
though Brabets et al® list the energies of a number of lines in this region. Here 
we can only note that the intensities of these y-transitions are at least one or- 
der of magnitude lower than the intensity of the 184 kev transition. 

We acknowledge our gratitude to A.N.Murin for his interest in the work and 
valuable suggestions in discussing the results, and B.K,Preobrazhenskii and A.V. 
Kalyamin for carrying out the chromatographic separations. 


"V.G.Khlopin" Radium Institute, 
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; ON THE DECAY SCHEME OF Tm166 


- K.Ya.Gromov, B.S.Dzhelepov & V.N. Pokrovskii 


1. Multipolarities of the Transitions in Erl66 


ewe ge ntecon the radiations accompanying the decay of Tm166 will be 
wees a oe preceding two articles). In column 1 of Table 1 here- 

is e energies of the y-transitions identified in investigating the 
eonversion electron spectrum. Where the identification is doubtful the energies 
are eh de in parentheses. In column 2 we list the relative intensities of the 
K conversion. electrons in the units of Ref.1, i.e., referred to Ty,-183.9 taken 
as unity. In column 3 we list the y-ray intensities in units chosen SO that the 
K and ls conversion coefficients of the 80 kev transition would correspond to the 
Beoretacal coefficients for an E2 type transition (this assignment is made un- 
ambiguously in Ref.1). From the data of Table 1 we can readily calculate the K 
conversion coefficients for a number of the transitions, and then comparing these 
experimental values with the theoretical ones, determine the multipole orders of 
these transitions. 

The experimental value of Qx for the 183.9 kev transition agrees with the 
theoretical value for E2. This substantiates the assignment made in Ref.1 for 
this transition. 

Table 1 


Experimental data on the radiations accompanying the decay of Tm1 66 


— |0 0003410, 00074 |0 ,00092 a 
0/ 0007610, 00094 =a 


Relative in-— BE 
E tensities Be g a, theoretical Multipole | 8» 
j Ord. . 

y | eu 8 on: a order Bag 
| Sa4 = o e. ne M1 | assignment | ¥ the B 
Jaeael 2 ioe 

~ = (ee aa = 102 
9 =* 1,7810,52 |1,78  |5,0 F2 78 
Ope 071510,089 0/35 |0,71 | M1+#2,M2| — 
oe ees 0719|0/054 10,199 0.43 E2 17 
oie ws 070910,048 |0;17 10,37 Fl, B20 = 
Itty — 0'0310,035 0:13 |0,29 EA 5,5 
eA eDASGs |. eel, 018)110 06110, 12 ms 0,33 
ore aa — |o20t6 0,052 0,42 i 2 
rs ES — {07011 |0,033 0,079 i a 
* és — |o'0074 |0/022 10,054 = m2 
= — |o'0065 0/019 0,043 as 8 
te ae es — 0/0056 |0,016 0,037 (£1) 
_ | 0,2 | —. 10,0044 |0,012 [0,02 = 0,30 te 
; 9°0 _ |0,00240,0032 |0,0083 [0,049 (E1) 10 
10 | 9’7 | '— |0,0032 |o,0083 |0,04 zs 0,8 
12'5  |0,0013]0,0025 |0,0063 |0,014 (E1) 14 
27 5°3 | '— |0,0023 |0,0060 0,013 a 5,9 
Ose | aul 0022 0,007 0,013 on 10/2 
0/0020 |0/0050 |0, \ 
{18 |0,00421”qq20 |0,0049 Jo, 040 deus 20 
36 | "12,5 — |0/0019 |0,0047 |0;0095 s: 14 
_ | 577 | — |0,0048 Jo,0046 |0,0093 is 6,4 
OS PY send ees ey ae as 078 
= | 3's | — |o,0015 |o,0034 Jo,oo71 is 3/9 
\15 ~ — {9,002 j0,00088|0,0021 |0,0036 | #2; M1+E2 \17 
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Evaluation of the experimental value of OQ, (>0.15) for the 153.4 kev transi- 
tion indicates that the El possibility listed in Ref.1 can be excluded; we are 
therefore left with the alternatives (Ml + E2) and M2. 

The multipole order of the 214.1 kev transition is undoubtedly El. The 459 
and 596 kev transitions are also probably El. 

The experimental conversion coefficients for the 1181, 1277,1380 and 1878 kev 
transitions are in good agreement with the theoretical values for E2 type transi- 
tions. Apparently, the multipole orders of these y-transitions are either E2 or 
(Ml + E2). 

Multipole order assignments for the other y-transitions cannot be made in 
this way, inasmuch as the complexity of the Tml66 y-spectrum precludes accurate 
determination of the intensity of all the y-lines. 


2. Absolute Gamma- and Conversion Line Intensities 


On the basis of the x-ray intensity, taken from Ref.2 and listed in Table l, 
we can calculate the total number of orbital electron captures in Tml166, Taking 
into account the fluorescence yield in erbium (0.93) and the total intensity of 
all the conversion lines and assuming the L to K capture ratio to be 0.13 (al- 
lowed capture), we obtain a value of 90 + 13 (in the units of Table 1) for the 
total intensity of orbital electron capture. Wilkinson & Hicks3 established 
that the decay of Tml66 is accompanied by the emission of positrons. The end 
point of the Bt-spectrum is 2.1 Mev. According to these authors, the positron 
intensity is low, namely, 0.5% of the number of disintegrations. This value is 
substantially lower than the uncertainty in the deduced number of orbital elec- 
tron captures. Hence we shall assume hereinafter that the figure 90 + 13 charac- 

k OL terizes the total disintegration intensity 
1078 25" (in I,-183.9 = 1 units). Hence to obtain 
the numbers of electrons and photons per 
disintegration one must divide the values 
957 2 4" for Ix and Iy listed in Table 1 by 90 + 13 
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B62) Tele Se 3. The Two Rotational Bands of Erl66 
708. ele 25 The first diagram of the levels in Er!66 
excited in the decay of Tml66 was published 
by Dzhelepov & Peker*. Jacob et al5 report-— 
ed that in the decay of Tml66 there are also 
populated levels comprising a second rota- 
tional band: 788(2+), 862(3+) and 957(4+) 


EVA UY 
82 kev. The experimental data obtained in the 
ee present investigation allow of refining the 
iF decay scheme for Tm166, 
A. Levels of the ground state 
rotational band 
LOS Sam Cas 


It was established in investigating B7- 
decay of Tml66 that the 80.0 kev y-transi- 
tion determines the height of the first ex- 

soo 9 ot Cited level in Erl66; 80.0 kev (24). Ob- 
viously, this is the first level of the ro- 


1839 
EZ 
15 
Fee ee: tational band based on the ground state of 


B 
Sede 
70 
166 
Er Erl66, The height of the second level (4+) 


First and second pa ATA bands is determined by the 183.9 kev y-transition. 
of Er As was shown above, the 80.0 and 183.9 kev 
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transitions are E2. The energy of the second level is 263.9 kev. Knowing the 


energy of two excited levels in the ground state rotational band, we can calcu- 


parameters in the following formula for the energy of rotational band 
levels 


E=E,+A(I(i+1)—K(K+1)]—BU (+1) —K(K+4)P. (1) 


Calculations yield A, = 13.37 kev and B] = 0.0082 kev. 


These values of the 
constants are close to the corresponding values for neighboring even-even nuclei. 


The energy of the 6+ level calculated by means of Eq. (1) using the above val- 
ues for Aj and By comes out to be 547.5 kev. If we assume that the 282 kev tran- 
sition listed in Table 1 is a transition from the 6+ level to the 4+ level, we 
obtain a value of 545.9 kev for the energy of the 64+ level. This value is in 
fair agreement with the energy calculated by Eq.(1). It must be noted, however, 


that there are no other arguments in favor of the inferred position for the 282 
kev transition. 


B. Levels of the second rotational band 


The levels of the first and second bands in Er!66 are diagramed in the accom- 
panying figure. In Table 2 we list the values of the sums of the y-transition 
energies determining the positions of the levels of the second rotation band, ob- 
tained in investigating the conversion electron spectrum of Tm166, 

As will be evident from Table 2, 


Je the various energy sums are in sat- 
Sums of y-transition energies isfactory agreement with each other. 
———————————————————eeSSM—S—S—S—S—_ Calculations of the parameters A 
E, kev Sums of Y-transition energies, kev and B in Eq.(1) based on the first 
{ opi oe snecansinhe three levels of the second rotation- 
788 789; Sa as al band yield Ag = 12.53 kev and 
862. 782+80=862; 598-++-263 ,9=861, 9; Ss 
957 877 ,5-+80,0—957,5; 693-++263,9—956,9: Bg = 0.0327 kev. Assuming these 
4070 (522) +545, 9-=1067,9; (807) +263, 9=1070,9 values to be correct, the energy 


of the 54 level of the second ro- 

tational band should be 1070 kev. 
Table 3 It may be hypothesized that the 522 kev y-transi- 

[ae Teer tion (Table 1) goes from the 5+ level to the 6+ 
Comparison of the rotational joye1 (546 kev). It is also possible that part of 
level energies calculated by the intensity of the 750 kev conversion line (Ref. 
means of Davydov's’ formulas 1) is associated with conversion of the 807 kev 7- 
with the experimental values transition in the K shell. The spins and parities 

of the levels of the second rotational band have 

not been determined experimentally. 


Assignments] Level energy, 


il calc. exper. The theory of rotational states of nonaxial nuc- 
lei, developed by Davydov’, enabled us to calculate 

2 0 re 80,0+0,9 the energies of the rotational levels in question, 

: ‘ aa a eae using only one parameter, namely, the ratio of the 

2 2 * 788-2 energies of the two rotational levels with spin 2. 

: f rel 5 ees The results of such calculations are compared with 

: 5 1108 4070 the experimental data in Table 3. 

*Experimental values taken for C. Intensity of transitions in the band 


the energy ratio. 
e According to our decay scheme, all the transi- 


tions must be E2 or E2 with an insignificant ad- 
mixture of Ml. Transitions from levels of the se- 
cond retational band (K = 2) to levels of the first 
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rotational band (K = 0) should be almost pure E2, inasmuch as Ml transitions in 
this case are forbidden by the K selection rule (AK = -2), whereas E2 transitions | 
are not forbidden. By virtue of this equality of the multipole orders, we can de- 
termine the intensities of the transitions from the intensities of the conversion 
lines. The intensity values listed in our diagram (in the units of Table 1) are 
deduced in this manner. Having the relative y-transition intensities, we can com~ 
pare the experimental ratios of the reduced intensities of the competing y-transi- 
tions from levels of the second rotational band with the theoretical ratios calcu- 
lated according to Alaga and Davydov (Table 4). 


Table 4 


Comparison of the experimental ratios of the reduced intensities of competing 
y-transitions from levels of the second rotational band with the theoretical 
ratios for the reduced probabilities 


initia | Mma [io | Mbaseen tenses 
+ E,, kev 7] 
I | x | \ “/éxp. exper. |itaga|Dawtov 
407 did ae re leas San onl na BK 0,35 10,7 | 0,52 
a 508 3 5 5 : | 18 5 leo 1,2 
1 POUR So ohrehtadest xd how co] hrevoreqermcla. tad Sofenlaa at Oe 
i 52) Ei oie Doras } ~3,5 O33 P47 


Let us consider the 596 kev transition which competes with the 782 kev transi- 
tion from the 862 kev (3+) level. In this case the experimental ratio Iy7g2/ly596 
= 4.8 and the ratio of the reduced probabilities is 1.3. We note that for the 
first three transition pairs (Table 4) the experimental ratios of the reduced pro- 
babilities are closer to the theoretical ratios calculated according to Davydov. 
The fourth and last pair is as yet inadequately studied and hence the indicated 
experimental values may be doubtful. 

We utilized the intensities of the y-transitions included in our diagram for 
calculating the intensities of the 596, 674, 749 and 760 kev transitions. The re- 
sults of these calculations are listed in column 1 of Table l. 


4, Concerning the Other Excited Levels of Er1l66 


Table 1 lists an appreciable number of other transitions that do not fit into 
the rotational bands pictured in the diagram. Apparently, there are many other 
levels in Erl66, Some of these, for example, the 1462 and 1610 kev levels, have 
been observed in investigating the decay of Hol®66, The existence of some of the 
other levels excited in the decay of Tm 66 can be substantiated by the energy data. 

Thus, for example, introducing the levels with energies of 2140 and 2168 kev, 
we can fit four additional transitions into the scheme in each case: 


2060 + 80 2140 kev, 2088 + 80 


= = 2168 kev, 
1878 + 264 = 2142 . ; 1380 + 788 = 2168 " , 
1277 + 862 = 2139 ; 1309 + 862 = 2171 " , 
1181 + 957 = 2138 " , 1208 + 957 = 2165 " 


=HOL Ot = 


a 


; To elucidate the sequence of the high-lying excited states of Erl6® and their 
spins and parities one must carry out further, more accurate measurements of the 
conversion electron energies and appropriate coincidence experiments. 


"V.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR & 
Joint Institute for Nuclear Research 
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GAMMA-RADIATION FROM Cs!34 
- B.S.Dzhelepov, V.P.Prikhodtseva & Yu.V.Khol'nov 


We investigated the y-spectrum of Csl34 by means of magnetic spectrometers, 
utilizing Compton recoil electrons. The purpose of the measurements was a more 
accurate (than in earlier studies) determination of the relative y-ray intensi- 
ties. The source was cesium carbonate with an activity of ~1.5 Curie. 

The spectrum of recoil electrons ejected from a 50 , thick cellophane target, 
as recorded on the Ritronl, is shown in the upper part of the accompanying fig- 
ure (a). Under the experimental conditions, the line half-width in the 1 Mev re- 
gion was 3.3%. Clearly apparent are peaks associated with 1368, 1168 and 1038 kev 
y-lines. The peak corresponding to the two close 797 and 802 kev 7-lines is not 
resolved; the joint peak is located at 797 kev. This is understandable inasmuch 
as the intensity of the 802 kev y-line, according to the data of several investi- 
gators“ “, is approximately one tenth the intensity of the 797 kev line. 
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Spectra of recoil electrons from the y-rays of Csl34, recorded on 


a - the Ritron and b - the Elotron 


In the soft region of the spectrum there appears a line at 606 kev and 
ly pe aeaced line at 567 kev. The latter, according to the data of Verhae ne ee 
Demrynch » consists of two close y-lines (565 and 571 kev) with conaeniee int 
sities. Further, it is reported in the literature that Cst34 has a very apt 475 
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Y-line (Refs.3-9) and a weak 663 kev y-line (Refs.3-5). For better resolution of 
the lines in the low energy part of the spectrum and in order to bring out the 
above mentioned weak y-lines, we investigated the y-spectrum of Csl34 in the re- 
gion to 820 kev by means of the ElotronlY, In this case the recoils were ejected 
from a 17 yw thick cellophane target. Owing to better focusing of the recoil elec- 
trons, the relative line half-width in the 1 Mev region in this case was 1.6% with 
some sacrifice (approximately one order of magnitude) of transmission. The elec- 
tron recoil spectrum obtained on the Elotron is shown in the lower part of the fi- 
gure (b). It will be seen that the 696 and 567 kev lines are better resolved than 
with the Ritron. Furthermore, the Elctron brought out the recoil electron lines 
corresponding to the 475 and 663 kev y-rays (see enlarged scale inserts). 


The principal results of the investigation are summarized in the following 
table: 


Energies and relative intensities of the y-rays from csi34 


565 

Ey ,kev 475 B67{_ 606 663 197 1038 1168 1368 
0+3 

Iy 2.940.5 2343{ Os 100 0.5+0.3 101+4.3 1.1640.04 2.2640.08 3.79+40.15 


The 567 kev line group was resolved into components assuming a standard line 
shape for the known (from other investigations) energies of these lines. The 797 
kev line is the sum of two unresolved y-lines;: 797 and 802 kev. Firsov and Bashi- 
lovll, using a scintillation spectrometer, detected three lines in the 1600 to 
2100 kev region. The intensities of these lines are very low (~1076 photons per 
decay). We investigated the Csl34 y-spectrum in the range from 1400 to 2800 kev 
and failed to detect any y-lines in excess of 0.5°107% in the units of the table. 
This of course does not conflict with the results of Firsov & Bashilov, inasmuch 
as the sensitivity of our instrument was too low to detect such weak components. 

Graduate students V.A.Eliseev and A.Ushakova participated in the measurements; 
_we take this opportunity to thank them. We are grateful to N.N. Zhukovskii for 

‘allowing us to use the Elotron. 


"vy .G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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tTal82 GAMMA-RADIATION IN THE 300 TO 1500 kev REGION 
- N.A.Voinova, B.S.Dzhelepov & N.N. Zhukovskii 


In the disintegration of 1ll-day Ta!82 there are excited states of w!®? with 
energies up to ~1600 kev. The even-even nucleus wi82 has a clearly pronouned ro- 
tational level structure, characteristic of nuclei with stable deformation in the 
155 < A <185 region. It has been established in numerous investigations that 
the ground state rotational band of wi82 is represented by two levels with ener- 
gies of 101 and 329 kev; other excited levels are located above 1222 kev. There 
are no indications in the literature regarding the existence of excited levels in 
the energy range from 329 to 1222 kev. 

We investigated the y-radiation of Tal82 on the Elotron for the purpose of ob- 
taining more accurate y-line intensity values and to search for lines in the 300 
to 1500 kev interval. The source was a neutron activated tantalum foil weighing 
1.8 g and having an activity of ~400 mC. The measurements were carried out under 
the standard Elotron conditions.! The experimental spectrum of recoil electrons 
from a polystyrene target is reproduced in Fig.l. It will pe evident that in the 
Hp = 1500 to 3700 gauss*cm region (hv = 300 to 850 kev) there are virtually no 
rises of the spectroscopic curve above the background; hence it may be asserted 
that in this region there are no y-rays with an intensity exceeding 0.5% the in- 
tensity of the 1122 kev y-radiation. 


Energies and relative intensities of the y-rays from Tal82 


Relative intensities 


No. hy, kev bok ei eae 
crystl, erystl, scint. 
fon anevae ) spectr. ) spectro. ) 
, ne t 
1 (893) <1,4 a re | a fe 
2 927 3+2 — — os = 
3 960 2,0+1,5 _— — = — 
4 4003 9443 a = ie ee 
9) a2 100 400 100 100 100 
6 4155 <4 6,9 9 -- — 
7 1192 5+8 45 60 z. ~24 
8 229 van 95 ive 75 
9 1231 35-440 50 age (33) p13 
10 1257 612 ate = 4 = 
11 1275 32.2 ae = 3 = 
12 1290 52 Z. 2 2 a 
13 1334 <0,6 je se = pes 
14 1375 <1°4 a: <0,3 23 
15 1437 <0,5 — — <0,3 = 


Fig.2 illustrates resolution of the 850 to 1350 kev sect 
into individual components, taking into account the ae aexthatiaee RT seen 
this region our analysis brought out seven Y-rays with energies of 927 960 
1003, 1122, 1192, 1222 and 1231 kev. : 
In addition there is observed an appreciable rise of the e 
above the "background" in the region of the hi 
y-lines. According to other investigators, there is i 
negligible intensity in this region. Analysis of tho? Seah i Raat BRAel ae pee 
subtraction of the high energy sides of the intense 1222 and 1231 kev lines oy 


reason to assert that in this energy region there actually do exist the y-lines 


with energies of 1257, 1275 and 9 
Buckstrdm4) . ’ 1290 kev, reported by other authors (for example, 


xperimental points 
gh energy side of the 1222-1231 kev 


In the low energy range there is a noti 


ceable . 
above the background at about 893 kev. rise of the experimental points 
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N, pulses/min 


2000 3000 
Fig.1. Experimental spectrum of recoil electrons ejected from a polystyrene 
target by Tal82 y-rays. Solid points - instrument background. 
a N, pulses/min 1222 


‘Fig.2. Resolution of the 3500 to 5500 gauss*cm (850 to 1350 kev) section of 
the Tal82 y-spectrum into individual lines. 


Z. 
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The data on the y-rays observed in the present study are listed and compared 
with the results of other authors in the accompanying table. 


"V.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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SPECTRA OF NEUTRON-DEFICIENT Hf ISOTOPES 
- V.I.Baranovskii & A.V. Kalyamin 


We employed the scintillation technique described in Ref.1 to investigate the 
Hf fraction separated from a tantalum target bombarded with 680 Mev protons in 
the Joint Institute for Nuclear Research synchrocyclotron. The active material 
was separated chemically with a Zr carrier by precipitation of BaZrFg with subse- 
quent chromatographic purification (KU-2 cationite) , which yielded chemically 
pure Hf. 

We devoted primary attention to the low energy part of the spectrum (up to 
about 700 kev) inasmuch as the presence of a large number of poorly resolved 
high energy lines (to ~2.5 Mev) greatly hampers Study of the hard region of the 
spectrum. In the low energy region we observed two groups of lines with half- 
lives of 23.5 and 13 hours. 

We identified the hafnium isotope with a period of 2.3 hours as Hrl73*. in 
the literature its periods are reported variously as 23.6 hr (Wilkinson and 
Hicks?) , 44 hr (Nervik and Seaborg3) and 28 hr (Wapstra and Jongejans*) , Accord- 
ing to our data, the y-spectrum of Hf173 comprises a 125 kev line and a ~300 kev 
group with an intensity ratio of 100:60, which is in agreement with the data of 
Wapstra & Jongejans4, 

We attributed the 13 hour activity to Hrl71*, in the literature we find 16 
hr (Wilkinson & Hicks2) and 12 hr (Nervik & Seaborg3). In the spectrum of Hf171, 
in addition to the known 175 (180) kev line, we detected a group of lines in the 
400 to 700 kev region. No intense lines belonging to other isotopes were ob- 

served in this energy range. 

We resolved the spectrum of Hf171 into individual components; the evaluated 
relative intensities are: 


Ey ,kev 480 530 580 620 680 
i Relative intensity 0.75 0235 0.81 1 0.5 


The 175 kev line decayed with a period of 16 hours, which may be explained 
by the presence in this energy region,of the 162.3 kev line of Hf173 and the 
180 kev line of Lui? , which builds up from Hfl71, 

We desire to express our sincere gratitude to the operating personnel of the 
Joint Institute for Nuclear Research synchrocyclotron for the proton bombardment 
and to A.N.Murin and G.M.Gorodinskii for their interest in the work and discus~ 
sion of the results. 


"V.G.Khlopin” Radium Institute 
“Academy of Sciences of the USSR, 
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HIGH ENERGY PART OF THE GAMMA-SPECTRUM OF RADIUM IN EQUILIBRIUM WITH 
ITS DECAY PRODUCTS (3100-5600 kev) 


- B.S.Dzhelepov, B.A.Emel'yanov, Yu.N.Podkopaev, 
V.N.Podymakhin, I.F.Uchevatkin & S.A. Shestopalova 


Most of the high energy y-rays emitted in the radium decay series are associa- 
ted with the RaC—RaC' transition. The y-spectrum of this transition extends to 
3200 kev.1»2 

It may be hypothesized, however, that harder y-rays are emitted in the radiun 
decay series: first, the RaC-RaC' mass difference is 3260 + 30 kev (Fig.1) and, 
consequently, there may be y-rays from RaC—»RaC' with energies up to 3260 kev; 
second, the RaC’-RaD mass difference is even greater, namely, 5420 kev; conse- 
quently hard y-rays may be emitted in the decay of Rac’, Emission of high energy 
y-rays in @ branches is doubtful, inasmuch as the probability of O-decay to high- 
lying excited levels is low, owing to the Coulomb barrier. 

There have been numerous attempts to detect 
Bi24 hard y-rays in the radium family. Thus, for 
Moe! 2 example, Nishida* observed tracks of electrons 
(Bet) with energies of 3100, 4000 and 4900 kev in a 
radium irradiated Wilson chamber. Devons & 
Neary? detected y-rays of up to about 5000 kev 
energy by the absorption method. In 1950, 
Bishop, Wilson & Halban®©® searched for hard y- 
rays by means of a deuterium filled ionization 
chamber but failed to detect any. For the 
RaC"'=--RaD transition (~4000 kev) these authors 
give only an upper bound of <2°1075 photons 
per disintegration. They assert that the in- 
tensity of any ~3000 kev y-rays emitted in the 
RaC—RaC' decay cannot exceed 1074 photons 
per disintegration. It is known, however, 
that such y-rays are emitted in the amount of 
2°1073 photons per disintegration.1+ 

In a 1958 investigation“ of the 2450 to 
3400 kev region of the radium spectrum by 
means of an Elotron spectrometer there was 
found an excess of recoil electrons corres-= 
ponding to y-rays with an energy of 3120-3220 
kev and an intensity of (4 + 2)+°1075 photons 
per disintegration. A more detailed investi- 
gation of so small an excess was impossible 
on the Elotron. 

In the present work we used an instrument 
with a higher transmission factor, namely, 
Fig.l. Branching in the radium the Leningrad State University gamma-nodo- 

decay series. scope’s8, The source was a 4 g sample of Ra 

; Two series of measurements were carried 
out. In the first series the strength of the magnetic field was chosen so that 
the region of detection extended from the high energy side of the last line iden- 
ea te the work of Ref.2 (the 3070 kev line) all the way to 5600 kev. 
af pas ian and a atoceae ha eee a The results are given in Fig. 
shape of the spectral line + determined b pita te: ea Menara 

y Chubinskii8. It will be evident from 
the figure that above the high energy side of the 3070 kev line there is an ex- 
cess of recoil electrons extending all the way to 3800 kev. 
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In the second series of measure- 
y 827 ments the magnetic field was chosen 
150 | so that the 3070 kev y-rays would 
not be detected at all; the detect— 
ing region extended from just above 
3200 kev (so that if there is a 3200 


WES 
WE 
SSS 


3 that there undoubtedly exists a 7- 
line with an energy of 3100-3200 kev. 
An approximate evaluatinn of the in- 
tensity of these y-rays yields a va- 
lue of 2-10-5 photons per disintegra- 
j tion, which is in good agreement with 
Z the results of the above mentioned 
study2. 

There is also clearly evident in 
Fig.3 an excess of recoil electrons 
in the 3500 to 3800 kev interval. 

The experimental number of "frames" 
in this region, normalized to one 
hour of measurement, is equivalent 
to 0.38 + 0.16 coincidences per hour, 


Z kev line? only its high energy side 
L would be recorded) up to 5600 kev. 
WY A arfect The results obtained in this series 
Gy of measurements are shown in Fig.3. 
100 yy Background It will be evident from Figs. 2 & 
j 


KG 


SG 


MMOH 


50 


geeks soos = which corresponds to an intensity of 

oe sf sd £8 be Muey (1tp45)+10-§ photons per disintegra- 

Fig.2. Results of the first series of tion: From the experimental data on 
measurements. the line half-width in this region®, 
ss it follows that this excess is pro- 


bably due not to a single line but 
to at least two. 
It is evident therefore that the 
excess of recoil electrons in the 
3500 to 3800 kev region is due to 7- 
rays accompanying the RaC"—RaD 
transition. 
One cannot make an unambiguous 
attribution of the ~3200 kev line at 
FA Effect present: these y-rays may be emitted 
in either the RaC"—»RaC' or the RaC" 
Background —RaD transitions. 
No y-rays with energies above 
3900 kev were detected. If they ex- 
ist their intensity is less than 
510-8 photons per disintegration. 
We take this opportunity to ex- 
press our deep gratitude to O. V. 
Chubinskii for making available the 
experimental data on the spectral 
sensitivity and efficiency of the 
Pape 7 ech ou gamma-hodoscope, i.e., the data used 
“Teme PAY 5,0 54 EMeVin evaluating the line intensities. 
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INVESTIGATION OF THE LOW-LYING LEVELS OF C133 BY MEANS OF THE $°2(p,y)c13° REACTION 
- A.K.Val'ter, V.Yu.Gonchar, A.N.L'vov & C.P.Tsytko 


The low lying levels of C133 were investigated in the work of Middleton et al! 
by analysis of the angular distribution of neutron ences from the reaction S32(d, 
n)ci33, In this study there were detected levels in C1%° with energies of 0.76 + 
£0.07, (1.89), 2.84 + 0.06 and 4.44 + 0.08 Mev. According to Middleton et al the 
Spin and parity assignments are 1/2+ for the 0.76 Mev level and 1/2- or 3/2- for 
the 2.84 and the 4.44 Mev levels. 

Van der Leun & Endt2 also investigated the low lying levels of c133, utilizing 
the S22(p,y)C133 reaction. Bombarding thin ZnS targets with a natural mixture of 
sulfur isotopes with protons of 0.2 to 0.8 Mev energy, they detected one resonance 
at Ep = 594 + 5 kev, corresponding to an excited level in C133 at 2.86 Mev, and 
measured the y-ray spectra and angular distributions corresponding to this reson- 
ance. Van der Leun & Endt give a diagram of the y-transitions from the 2.86 Mev 
level of C133 and indicate that the assignment for this level is 3/2+. 

Meyerhof & Lindstrom? on the basis of the log ft value for the positron branch 
of C133 decay to the 2.9 Mev state of S33 infer that the parity of this state is 
even. Hence the same parity assignment can be tentatively made for the correspond- 
ing level of the mirror nucleus c133, 

Thus there are conflicting data for the parity of the 2.9 Mev state of c133, 
In view of the fact that its mirror nucleus $33 has three levels in this energy 
region, this conflict can be explained by the presence of very close lying levels 
in C133 near 2.9 Mev. To check this assumption we undertook an investigation of 
the $32(p,yv)C133 reaction in the 2.9 Mev excitation region of c133, 

The protons were supplied by the Physical-Technical Institute (Ukrainian SSR 
Ac. of Sci.) four Mev electrostatic generator, which is characterized by a high 
degree of stabilization <i accelerating potential and hence yields a highly 
monoenergetic proton beam. 

a We ae wee targets of separated $32 obtained by driving 20 kev s32 ions into 
‘a tantalum backing in the electromagnetic separator?, and, also, thin targets with 
the natural mixture of sulfur isotopes, prepared by vacuum evaporation of ZnS onto 
a tantalum backing. The targets had a thickness of the order of 6 kev and with- 
stood a current of 10-15 wa for many days. ; 

For measuring the y-ray yield we used a scintillation counter with a 3 cm dia- 
meter, 2 mm thick CsI(T1) crystal and a discriminator with associated counting 
equipment. The discriminator threshold was set to detect all y-rays with energies 
over 1.5 Mev. The y-ray spectrum was measured by means of the scintillation spec- 
trometer, also with a CsI(T1) crystal,described in Refs.6 & 7. In addition, to 
bring out certain lines of the spectrum, we utilized NaI(T1) and stilbene crystals. 

The B-activity was measured using a special target chamber with a thin yindoue 
for. exit of the B-particles. After proton bombardment the target was rotated 180 

d positioned in front of the window. The emerging particles were detected by a 
. a i i m thick CsI(T1) crystal, subtend- 
scintillation counter with a 3 cm diameter, 0.2 c ; 
i id angle of about 1 steradian. 
. ee ace the y-ray angular distribution we measured the spectra By 
‘means of a scintillation spectrometer with provision he rotation from 0 tol 
right and left with respect to the photon beam direction. For each Nie tietigs 
the y-ray intensity was determined from the area under the peak corresponding to 
; i -rays in the spectrometer crystal. Inasmuch as 
complete absorption of the given y~Yay 5 sh ailaed AVA ceive 
the tintensity of the investigated resonances was LOW, Mens so, meas : 
. und individually for each point in the angular distribution. By way of monitor 
Tee a scintillation counter fixed at an angle of 90° to the direction of the 
incident proton beam as well as a current integrator. 
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In investigating the y-rays from the targets contain- 
ing S32 we found two close resonances located at Ep = 
= 583 + 0.7 and 590 + 0.7 kev (Fig.1). Measurements of 
the decay period of the induced activity corresponding 
to both resonances yielded a value of 2.3 + 0.3 Sony 
which is in good agreement with the half-life of Cl 3 

(2.53 + 0.02 sec) reported by Muller et al8, In view 
of the good agreement it may safely be inferred that 
both these resonances belong to the $32(p,y)C133 reac- 
tion. 

On the basis of our comprehensive investigation of 
the y¥-rays emitted at different angles we established 
the scheme of y-transitions from the two detected C193 
levels with energies of 2.850 and 2.857 Mev, and deter- 
mined the relative transition intensities (Fig.2). 

570 590 fy, kev We measured the angular distributions for the most 
Fig.1.Resonances in the intense y-transitions. Processing the experimental data 
$32(p,y)C133 reaction. by the method of least squares,we obtained the angular 

distribution functions (see table) for the cross-over 

transitions to the C133 ground 
state and also for the transi- 
tion from the 2.857 Mev reson- 
ance level to the 0.81 Mev le=- 
5909 vel. The measurement results 
are given in Figs.3 & 4. 

Comparison of the experimen- 
tal angular distribution for 
the transition from the 2.850 
Mev level to the ground state 
with the calculated distribu- 


3,222 oo 
oo} (1/2, 3/2) 
a Ve 


/2 tions (for different tentative 
spin and multipole assignments) 
showed that the spin of the 

ut 3/2” 2.850 Mev level is 5/2. The 

S best agreement with experiment 
Fig.2. Level diagrams for the mirror is obtained on the assumption . 
nuclei $33 and C133, that this is a dipole transi- 


tion with a small admixture of 
quadrupole radiation, the E2 to Ml amplitude ratio being about 0.12. Hence from 
the character of the transition and the nature of the admixture we conclude that 
the spin and parity of the 2.850 Mev state are 5/2+. 


Angular distribution of Y-rays from the 
Multipole 


S32(p,v)c133 reaction 


Experimental angular 
distribution 


Angular 
distribution 


140.75 cos20 
Isotropic 
1-0.5 cos29 
~1.87 cos20+2.5 cos49 
7/2—93/2 |Quadrupolell+3.65 cos20-2.74 cos4Q 
3/2—91/2 |Dipole | 


TN 
aie 2.857) 14(0.7840.03) cos2Q 


5/2—3/2 1-(0.74+0.05) cos2g 


Fig.4 1-(0.62+0.10) cos2g 


a 0,25 O75 ¢os?@ 


Fig.3. Angular resolution 
the 2.850 and 2.857 y-rays 
(see table). 


fle) 


10 


0 aso 4,0 
cos? @ 
Fig.4. Angular resolu- 
tion of the 2.04 y-rays. 
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A similar comparison was carried out for the two 
other experimental angular distributions; as a re- 
sult we arrived at a spin assignment of 3/2 for the 
2.857 Mev level and substantiated the 1/2+ assign- 
ment for the 0.81 Mev level. In both cases the 
transitions involved are pure dipole ones. 

Through comparison of the level diagrams for 
C133 and 33 shown in Fig.2, one can establish the 
correspondence between the levels in these mirror 
nuclei in the 2.9 Mev excitation region. Thus the 
s33 level to which c133 B-decays may have spin and 
parity 5/2+ and thus cerrespond to the 2.850 Mev 
(5/2+) level of C133, The second level of $33 may 
be characterized by 3/2- and thus correspond to 
the 2.857 Mev level of C133 which has a spin of 
3/2 and apparently also odd parity. The following 
evidence may be cited in favor of this assignment. 

1. As determined in our measurements the inten- 
sity of the y-rays from the 2.857 Mev level is five 
times the intensity of the radiation from the 2.850 
Mev level. This fact can be explained by the dif- 
of ferent penetrability of the potential barrier ow- 

ing to the difference between the orbital angular 

momenta /, of the captured protons. The 5/2+ as- 
signment for the 2.850 Mev level corresponds to /, = 2. 
Inasmuch as proton capture to the 2.857 Mev level occurs 
with a higher probability, J, must be smaller than 2, 
i.e., must equal 1. Consequently with a spin of 3/2 its 
parity must be odd. 

2. We found that the y-transitions from the 2.857 Mev 
level to the ground and first excited states of c133 are 
pure dipole transitions; this is consistent with there 
being El transitions inasmuch as Ml transitions usually 
have an admixture of E2. 

3. It may be inferred that the even parity assign- 
ment made by Van der Leun & Endt2 for the 2.86 Mev (3/2) 
level is erroneous, the mistake being due to distortion 


of the B-ray angular distribution owing to surposition of greatly different angu- 
lar distributions from two unresolved resonances. Using the angular distributions 
obtained in our work one can show that under certain conditions of surposition of 
two resonances there may be obtained angular distributions similar to those ob=- 


served in the work of Van 
The assumption that 
region has the assignment 


der Leun & Endt. 
the third level of s33 in the above mentioned energy 
5/2- or 7/2- and consequently / = 3, can explain the 


absence of a corresponding level in C193, which has not been detected owing to 
the low probability of its excitation. P-decay of C133, which has a ground 
state spin and parity of 3/2+, to this level as well as to the level with 3/2- 


must also be forbidden. 


Thus we have suggested an explanation for the discrepancy in the work of 
different investigators!-3 as regards the parity assignment for the 2.9 Mev lev- 
el of €133 and have made an attempt to establish the correspondence between the 


levels of the mirror pair 


$33 and C133 in the 2.9 Mev excitation region. 


We desire to express our sincere gratitude to M.I.Guseva for preparing the 
targets containing S32, to E.V. Inopin for his interest in the work and valuable 
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discussions, to Yu.P.Antuf'ev and E.G.Kopants for their assistance in performing 
the measurements and to A.A.Tsygikalo, Yu.A.Kharchenko and their co-workers for 
skilled operation of the electrostatic generator. 
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Note added _in proof; After submitting the present report to the editors 
we learned of the article by Van der Leun & Endt, published in Physica, 24, 1095 
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the two levels of C133 discovered and studied in the present investigation. 
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ELASTIC SCATTERING AND RADIATIVE CAPTURE OF PROTONS BY N24 
- A.K.Val'ter, A.S,Deineko, I.Ya.Malakhov, P.V,Sorokin & A.Ya.Taranov 


Introduction 


Investigation of elastic scattering of protons by N14 can yield information 
on the levels of 015, lying above 7 Mev. Owing to the fact that the 015 nucleus 
differs by only one nucleon from the double magic nucleus 016, its high-lying lev- 
els are rather widely spaced. This in a number of cases makes it feasible to use 
the isolated (single) level formulas in analyzing the resonances observed in 
measuring the elastic scattering cross section. 

Elastic scattering of protons by N14 nuclei has been investigated by a number 
of authors!-7. In addition, Duncan & Perry® investigated the nN14(p,7) reaction. 
The results obtained in these studies are summarized in Table 1: in column 1 we 
give the resonance energies, in column 2 the width of the corresponding levels, 
and in column 3 the spin and parity assignments arrived at as a result of phase 
analysis. 


Table 1 
Characteristics of the excited levels of 0195 


(The figures in brackets are Refs.) 


Br, kev I, keV Spin ce pari un 
1060 [2, 4] 321 [6], 4,841 [8] T/at [4], 3/2* [6] 
4050 [5], 1054-13 [6], 1064 [8] 
4550 [1, 2],.1530 [3], 1554 [4], | 34-44 [2], 50-20 [8] 1/,+ [3, °4, 6] 
4540 [5], 1544-46 [6], 1557 [7], 
4550-+20 [8] 
4740 [4, 4],1720 [3], 1730[5], | 4-44 [6], 1443 [8] 3/2- [3], 3/27, 5/2-14l, 
14737-E4 [6], 1748-45 [8] <5/2 [6] 
1805 [1], 1803 [4], 1799-+5 [6], | 4-44 [6], 74,5 [8] 3,2-, 5/2-[A], 3/27, 1/2- [6] 
4815-44 [8] 


2360 [4], 2320 [5], 2356-48 §[8] | 14-14 [8] 

2490 [4], 2450 [5], 2489-47 [8] | 11-43 [8] 

3200 [1], 3430 [5] 

3400 [1], 3330 [5] 

2300 [7], 2600-L50 [8] 500[7], 1270-+50[8] 1/s+ [7], Wat, 3/2* [8] 


It will be evident from the table that the elastic scattering cross section 
for <2 Mev protons has been investigated rather thoroughly. The resonance ener- 
gies and the widths of the corresponding levels have been determined with fair ac- 
‘curacy. As regards the spins and parities, however, consistent results have been 
obtained only for the level corresponding to the resonance at 1.55 Mev. ! 

In the proton energy range above 2 Mev only the resonance ener esse pei e bees 
determined as a result of elastic scattering cross section measurements~»‘. There 
is no information available regarding the widths of the levels and their spins te 
parities, except for the level corresponding to the broad resonance at 2.3 me 
The widths of the 2360 and 2490 kev resonances have been determined by means 


14 reaction.1+ 
oe Beart, Steers work we investigated the p-Nl4 elastic scattering cross sec- 


tion in the energy range from 1.7 to 3.5 Mev. 
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Experimental Procedure 


The experimental arrangement is diagramed in Fig.l. The proton bean, acceler- 
ated by the Physical~Technical Institute (Ukrainian SSR Acad. of Sci.) electrostat- 
ic generator was analyzed by a magnet with a 90° deflection angle and, after being | 
defined by the 2 and 2.5 mm diameter, respectively, apertures A and B, entered the 
scattering chamber filled with nitrogen at a pressure of 5 mm Hg. The chamber was — 
isolated from the accelerating tube by a mica foil 2 » thick cemented over the 4 
mm diameter aperture C. To protect the foil against proton damage, it was covered 
with a semitransparent layer of aluminum deposited by vacuum evaporation. 


Fig.1. Diagram of apparatus. 


The number of protons passing through the chamber was measured by means of 
the Faraday cup D and a current integrator. The Faraday cup chamber was separated 
from the scattering chamber by a 5 y» thick aluminum foil cemented over the 15 mm 
diameter aperture F. A vacuum of 107-6 mm Hg was maintained in the cup chamber by 
an oil diffusion pump. 

To obviate possible contamination of the target, a continuous flow of nitro- 
gen was maintained through the chamber during the experiment. This was realized 
by means of a capillary and an oil shutter designed so that with a gas flow of 
of 10 cm?’ per hour the chamber pressure would remain at 5 mm Hg. 

The scattered protons, after passing through the 3 x 15 mm2 slit E and the _ 
4 mm diameter aperture M, were detected by the 0.5 mm thick CsI(T1) crystal K 
coupled to an FEU-25 photomultiplier. To protect the photomultiplier from light 
due to ionization of the gas by the proton beam, the surface of the crystal was 
covered with a thin layer of aluminum applied by vacuum evaporation. The distance 
0 to M was 120 mm; the aperture E was mounted half-way between 0 and M. With this. 
geometry the solid angle was 8.6-10-4 steradian. The effective target thickness : 


d= sr mm . 
‘ 

(9 is the scattering angle) did not exceed 12 mm. The chamber design allowed of 
J 


varying the scattering angle from 30 to 150° in the laboratory system without dis-_ 


turbing the vacuum. A d 
Pieris etailed description of the chamber design will be found 
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Experimental Results and Discussion 


We measured the elastic 
scattering cross section for 
protons on N14 at angles of 
54, 90, 125, 141 and 154° in 
the center-of-mass system in 
the energy range from 1.7 to 
3.5 Mev. The choice of the 
first four angles was dicta- 
ted by the consideration that 
for each of them one of the 
Legendre polynomials in the 
expression for the scattering 
cross section vanishes, which 
obviously facilitates phase 
analysis. 

The measurement results 
are shown in Figs.2-6 by 
circles; the solid lines in 
the figures give the Ruther- 
ford (Coulomb) scattering 
cross section. In the vicini- 
ty of the resonances, the 
measurements were made at 4 


18 22 26 3,0 34 


ig.2. Cross section for elastic scattering of 
rotons from N14 at 6, 4, = 54°. The solid line 
ives the Rutherford scattering cross section. 


6, barns kev steps. The statistical 
accuracy at each point was 
Q2 2%. For determining the ab- 


al 


48 PAG 


26 


BAY 


34 
Ep, Mev 


solute scattering cross sec- 
tion values we compared our 
relative values with the re- 
sults of measurements®,7 of 
the cross section at an angle 
of 154° in the 1.6 to 1.7 Mev 
energy interval. Inasmuch 
as the statistical accuracy 
of our measurements did not 
exceed 2%, the uncertainty in 
the absolute values was deter- 
mined by the accuracy of the 
utilized calibration data and 
is estimated to be 5-6%. 

It will be evident from 


the figures that in the in- 
vestigated energy range there 
are six narrow resonances and one broad ([ = 300 kev) resonance at E, = 2.4 Mev. 
It does not appear feasible to determine the width of the levels corresponding to 
the narrow resonances directly from the experimental data. Incident to passage of 
the proton beam through the entrance window and the gas layer between the window 
and the point of scattering, the energy homogeneity of the beam deteriorates ap- 
preciably owing to fluctuation in the energy loss. This leads to "blunting and 
narrow peaks. 
ee Pome aa ae are also encountered in phase analysis of the ex- 
perimental data obtained under conditions when the level width is less than the 
energy spread AE in the incident proton beam, inasmuch as comparison of the experi- 


Fig.3. Same as Fig.2, but for Oc.m. = 90°. 


we 
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1,8 22 26 39 34 
Ep, ev 


Fig.4. Same as Fig.2, but for Oc,m, = 125°. 


26 30 34 


1,8 22 


Fig.5. Same as Fig.2, but for 6¢,4, = 141°. 


6, barns 


Q2 


48 ei 22 26 30 34 


Fig.6. Same as Fig.2,but for O¢,m. = 154° 


mental data with the calcu- 
lated requires averaging of — 
the latter over the AE inter- 
val, the magnitude of which 
is unknown. 

In order to determine 
the level widths, refine the 
resonance energy values and 
evaluate the actual energy 
spread of the proton beam in 
the scattering experiments, 
we investigated the N14(p,7) 
reaction. The target for 
these experiments was pre- 
pared by knocking 20 kev ni4 
ions, discriminated by an 
electromagnetic separator, 
into a 0.5 mm thick tantalum 
backing. The y-ray yield 
was measured by a 30 mm dia- 
meter, 20 mm thick CsI(T1) ) 
crystal coupled to an FEU-19 ~ 
photomultiplier. The ampli- 
fier discrimination threshold — 
was set so that the equip- 
ment would record y-rays with 
energies above 1.5 Mev. 

The thickness of the 
target was determined through 
measurements of the (p,7) 
resonance width at a proton 
energy of 1.054 Mev. Accord=_ 
ing to the data of Hagedorn 
et al and Duncan & Perry8, 
the width of this resonance 
is 3.5 kev. The experimental 
resonance width in our mea- 
surements was found to be 
7.5 + 0.5 kev. Inasmuch as 
the energy spread in the in- 
cident proton beam was 0.05%, 
the observed broadening of 
the resonance was connected 
only with the thickness of 
the target. The experimental 
resonance width, 


exp VETS 


whence we find that for Ep = 
= 1 Mev, the target thickness 
d = 6.6 kev. 

The relative y-ray yield 
was measured with the same iH 
target in the regions of the 
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_' The relative y-ray yield was measured with the same target in the regions of 
he 1.8, 2.35 and 2.48 Mev resonances observed in investigating the p-N14 elastic 
cattering cross section. The experimental results are given by the points in 
ee & 8. The solid lines in the figures are the curves calculated by the Breit- 
igner formula for the indicated resonance energies and widths. Using the deter- 
ained target thickness for Ep = 1 Mev and assuming that the proton energy loss in 
he target varies as 1/E_, we find that the target thicknesses for E, = 1.8 Mev 

nd 2.4 Mev are 3.7 and 2.7 kev, respectively. Introducing the Borrectien for 
arget thickness leads to the following width values: 3.7 kev for the 1.806 reson- 
nce, 11 kev for the 2.350 Mev resonance and 9.3 kev for the 2.478 Mev resonance. 


N 
145 
40 
2,330. 2,370 2,460 2,500 
revs 
1,790 4,820 bes 
Ep, Mev Fig. 8 
Fig. 7 


fig.7. n14(p,7) resonance at Ey = 1.806 Mev (I= 5 kev). The solid line represents 
the curve calculated by means of the Breit-Wigner formula. 
Fig.8. Same as Fig.7, but at Ep = 2.350 Mev (I = 11.3 kev) and Ep = 
= 2.478 Mev (I'= 9.7 kev). 


Because of the great increase in background, we did not investigate the N14(p,7) 
eaction in the vicinity of the 3.2 and 3.4 Mev resonance energies. 

If we now compare the measured widths with the corresponding values for the 
Slastic scattering resonances, we can determine the energy spread AE in the inci- 
ent proton beam. Comparison showed that AE is virtually independent of the pro- 
on energy and equals +8 kev. 

This information on the energy nonhomogeneity of the proton beam enabled us 
o determine the widths of the levels corresponding to the 3.2 and 3.4 Mev scat- 
tering resonances. The widths were found to be 17 + 4 and 40 kev, respectively. 
Comparing the energies of the protons at the output of the electrostatic gen- 
erator, corresponding to anomalies in the elastic scattering cross section, with 
he corresponding quantities observed in investigating the N1l4(p,y7) reaction, we 
determined the energy loss incident to passage of the protons through the entrance 
vindow and the gas layer in the chamber. The energy loss was found to be 64 kev 
for Ep = 1.8 Mev and 52 kev for Ey = 2.5 Mev. These loss values proved to be 
some 12 kev lower than the values calculated by the familiar formulas for ioniza- 
tion loss. Thus comparison of the calculated and experimental energy loss values 
proved to be essential for determining the energies of the levels corresponding 
o the two last resonances. 

Inasmuch as the energy loss in the gas did not exceed 5 kev, the proton ener- 
ey loss observed in the scattering experiments and the energy spread AE associated 
therewith are due almost entirely to the entrance window. 

Our final results for the levels of 015 are presented in Table 2. The first 
line lists the observed resonance energies; the second and third lines the widths 


and energies of the 015 levels. 
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Table 2 


Ep. kev | 174442 | 1806-42 | 2350427 |2400450| 2478-42 | 3200-10 | 3390410 
T, kev <3,5 11,0-40,5 | 300-+-50 }9,3-40,5| 17+4 | ~40 
E, Mev 8,975 9,540 9°59 | 9,660 | 10,33 | 410,54 


It will be evident from a comparison of Tables 1 and 2 that our results as 
regards the resonance energies are in best agreement with the data of Bolmgren 
et all. our width values for the levels corresponding to the resonances at 1.744 
and 1.806 Mev virtually coincide with the results of Hagedorn et a6, while our 
widths for the levels corresponding to the resonances at 2.350 and 2.478 Mev are 
in good agreement with the data of Duncan & Perry’, 

Phase analysis of the broad resonance at 2.4 Mev, carried out by the method 
described by Christyl9, showed that it is predominantly due to S-wave formation. 
This analysis, however, did not provide an adequate basis for a definitive assign- 
ment for this level (the alternatives are 1/2+ or 3/2+). Analysis of this reson- 
ance is greatly hampered by the fact that it is overlapped by the resonances at 
2.350 and 2.478 Mev and by the fact that at proton energies above 2 Mev nonreson- 
ant scattering with />0 makes a substantial contribution to the scattering cross 
section. 


The appreciable contribution of potential scattering with />0 is, apparently, 


also the principal reason for failure of attempts to explain the off-resonance be- 
havior of the scattering cross sections. This factor (nonresonant scattering) 
gives rise to great difficulties in phase analysis of narrow resonances. Thus, 
for example, arriving at unambiguous spin assignments under these conditions be- 
comes extremely difficult. 

We take this opportunity to thank M.I.Guseva for preparing the N14 target on 
the electromagnetic separator, and thank A.A.Tsygikalo, Yu.A.Kharchenko and the 
personnel servicing the electrostatic generator. 
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ELASTIC SCATTERING OF PROTONS BY A40 
- A.K.Val'ter, I.Ya.Malakhov, P.V.Sorokin & A, Ya.Taranov 


Investigation of elastic scattering by A2° can yield information on the lev- 
els of K4l lying above 8 Mev, inasmuch as the proton binding energy in K41 is 
7.84 Mev. There is reason to expect that at these excitation energies the level 
spacing will be of the order of 10 kev.! In view of this, investigation of the 
levels of K4! necessitates good energy resolution. 

In contrast to proton scattering from light nuclei, a large contribution to 
the p-A40 scattering cross section is made by pure Coulomb scattering. This con- 
tribution, however, should not be so large as to mask completely the effects as- 
sociated with the presence of excited levels. It can easily be shown that the 
Coulomb and nuclear scattering amplitudes at angles greater than 90° for proton 
energies above 2 Mev are approximately equal, which means that strong resonances 
may be observed in the p-A40 scattering cross section. 

Freier et al? observed two strong resonances at 1.9 and 2.48 Mev in the p-A40 
elastic scattering cross section vs energy curves measured at 155°. These inves- 
tigators also measured the angular distributions*for the p-A40 interaction at these 
resonance energies. Their results, however, were not adequate for definitive spin- 
parity assignments for the levels associated with the observed resonances. To 
make such assignments, one must measure the scattering cross section for several 
‘angles at different proton energies. 

In the present work we measured the p-A40 elastic scattering cross section 
at scattering angles of 90, 125 and 150° in the center-of-mass system in the ener- 
gy range from 1.7 to 2.7 Mev. 


Procedure and results 


6x10 em? 


20 


(ern 


Fig.1. Cross sections for elastic 40 
scattering of protons by A#0 at 
Gc.m, = 90° 


The cross section measure- 1,8 20 22 24 26 entry 
‘ments were carried out by means of Fig.2. Same as Fig.1, but at Og,m, = 125”. 

5 ent described in Ref.3 

| bene article). By way of target we used gaseous argon having the natural. 
isotopic composition (99.6% A409). The pressure in the scattering chamber was 
maintained at 5 mm Hg. As was shown in Ref.3, the energy spread of the proton 
beam is connected with its passage through the entrance window and in the present 
experiments was about +8 kev. This spread determined the energy resolution in 


our experiments. 


Sra SQUA 7“ 


="SA0s— 


In the vicinity of the resonances 
the measurements were made in 4 kev 
steps; the statistical error in each 
cross section measurement did not ex- 
ceed 1%. The cross section was also 
carefully investigated in the vicinity 
of the threshold (2.37 Mev4) of the 
A40(p.n) reaction, where, according 
to Baz'°, there may be observed an 
anomaly with a width of about 20 kev. 

The absolute values of the cross 
section were determined from its ratio 
to the cross section at 60°, where the 

- cross section is given by the Ruther- 

if og Re ie $6 Eyrev ford formula. 
The experimental results are 
Fig.3. Same as Fig.1, but at 6, .y, = 150°. shown by the circles in Figs.1,2 & 3. 
The heavy lines in the figures repre- 

sent the Rutherford scattering cross section. It will be evident from the figures 
that there are two strong resonances at 1.86 and 2.45 Mev and a number of reson- 
ances above 2.5 Mev. Off-resonance the cross section at angles of 90 and 125° 
virtually coincides with the Rutherford value; at 150° it is approximately 10 
times higher than the Rutherford value. 

No anomalies with a relative change in cross section exceeding 5% were ob- 
served in the vicinity of the threshold of the A420 (p,n) reaction. Inasmuch as 
the widths of the observed resonances are comparable with the experimental energy 
resolution, we could not reliably determine the level widths. Approximate evalu- 
ations showed, however, that they are less than 10 kev. 


ax 107% cn" 


40+ 


Discussion 


It will be seen in Fig.3 that the 1.86 Mev resonance is split. This means 
that this peak is associated with at least two levels of K4l1. Phase analysis of 
such resonances is extremely difficult. If it be assumed, however, that the shape 
of the observed resonance is determined primarily by the properties of one level, 
one can, utilizing the graphic method described by Laubenstein & Laubenstein®, 
show that the shape of the resonance at 1.86 Mev is qualitatively reproduced for 
l= 1. The shape of the resonance at 2.45 Mev, on the same assumption, is simi- 
larly reproduced for / = 0. This means that the principal contribution to the 
resonance at 1.86 Mev is made by a level with spin 1/2- or 3/2-; that to the 
resonance at 2.45 Mev by a level with spin 1/2+. Quantitative comparison of the 
experimental curves with the calculated ones is not feasible. This is due to the 
fact that the level widths in this case remain unknown and to the fact that it is 
virtually impossible to evaluate the contribution from interference with neighbor- 
ing resonances. 

The absence of an anomaly in the p-a40 cross section that could be definitely 
associated with the threshold of the A49(p,n) reaction Can, presumably, be ex- 
plained using the results of Baz', according to which the magnitude af the expect- 
ed anomaly is proportional to the inelastic scattering cross section. For the 
A40(p.n) case Oyne) near the threshold should be small. Thus, it follows from 
considerations of conservation of momentum and parity in the A40(p n)K40 reaction 
(K40 in the ground state) that this reaction can be realized only as protons with 
l= 3 and /= 5. Hence the neutron yield corresponding to the ground state of 
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K40 will be very small. This inference has been substantiated in the work of 


Holland et al4 who observed only neutrons corresponding to transitions to the 
second and third excited states of K40 (i 


1 -@., no zero neutron group) in bombard- 
ing A40 with protons in a wide energy ran | 


ge. 

In this case one should expect the appearance of an anomaly at an energy of 
2.4 Mev, which corresponds to the threshold for formation of the first excited 
state of K4l, But, as will be evident from Figs.2 & 3, in the vicinity of the 


threshold energy the scattering cross section changes sharply owing to the pres- 
ence of the resonance at 2.45 Mev. The influence of this resonance is apparently 


sufficiently great to conceal any anomaly associated with the reaction threshold. 

We evaluated the level spacing in K41 at an excitation energy of 10 Mev on 
the basis of the observed resonances at energies above 2.4 Mev. If we assume that 
each resonance corresponds to one level, the average distance between levels 
proves to be about 20 kev. This value is in agreement with the results of Freier 
et al2 and those of Preston et al! who arrived at a value of 16 kev for the mean 
Spacing between the levels of Ca#9 at an excitation energy of 12.37 Mev. 
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EXCITED STATES OF Ga®7 AND Ga®8 
- A.K.Val'ter, I. I.Zalyubovskii, V.A.Klyukharev & V.A. Lutsik 


Earlier! we reported on the preliminary findings of our investigation of the 
energy states of Ga67, In the present article we give the results of a careful 
investigation of the y-radiations from the Zn66(p,7)Ga®7, zn97 (pny) Gao? and 
zn°7(p,y)GaS8 reactions. We also investigated the decay of Ga67, The proton 
energy was varied from 1.6 to 3.4 Mev; the protons were accelerated by the 
Physical-Technical Institute (Ukrainian SSR Academy of Sciences) 4 Mev electro- 
static generator. 


Experimental results 


The measured energies of the observed y-lines are listed and compared with 
the results of other investigators in Table 1. The y-spectra are reproduced in 
Figs.1,2 and 3. The isotopic compositions of our targets are given in Table 2. 


3 Table 1 
Energies (in kev) of y-rays emitted from proton bombarded zno6 and zZn&7 targets 
————————— aca cement 
[3] | [4] Our data 
N (, 7) yee 
Ga’? | Ga® | Ge?+ Ga’? | Ga Zn?| _ Zn*? Ga’ Ga” Ga® 
1 90-—92 90—92 
2 (42243) 
3 188-+8 170 182 182 | 188-+4°| (472) 1724-3 
4 296 296 
5 | 357-412 | 3424-10 388 (388) 359-+3 35943 
6 510-410 | 510-410 510+410 
7 574-13 580-415. 
8 | 850-420 83015 | 820+10 | 820-+10 
9 880 880 905-410 | 900-20 
10 1205+15 | 1200-20 
144 |1540-+.20 | 142020 
Table 2 In investigating the y-spectrum from 


Isotopic composition of targets the Zn67 target in the 172-188 kev region, 
we found that the y-peak shifts to the side 
zn" of lower energies with increase of the pro- 
ton energy from 1.8 to 2.5 Mev. The reason 
1 for this shift is the following: at proton 
8 energies under 1.96 Mev, when the 172 kev 
state of Ga67 is not yet excited, there is 
observed 188 kev y-radiation from the 


Zn Zn 7ns? Zn 


zn®7(p,7)GaS8 reaction and 182 kev radiation from the zn§7(p,p'y) reaction. With 


increase of the proton energy there appear Ga®7 172 kev Y-rays. At proton ener- 
gies above 2.1 Mev, there is evinced intense y-radiation in the 120 to 240 kev 
region as a result of interaction of the neutrons from the Zn67(p,n)Ga67 reaction 
with the scintillator crystal. The y-spectrum of this interaction is complex and 
can be allowed for by measuring the neutron flux from the zn87 target and compar- 
ing it with the neutron flux at the same energy from a target for which there 


are no other lines in this energy region except those produced by neutrons in 
the scintillator. 
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w (2n°) We used the Co°9(p,n)- 
fy 75 (20%) Ni59 reaction, the threshold 
. of which lies at 1.86 Mev. 
? The y-spectrum from the 
> neutron interaction with 
the NaI(T1) scintillator 
F ‘oak is shown in Fig.4. Inas- 

75 gee much as the 58 kev 7-line 
\ is due to the y127(n,n'y) 

3 92 172 reaction?, it can serve as 

, . 1 ae |) 2 measure of the neutron 

ie | flux of the given energy. 
Comparing the intensities 
of this y-line in the spec- 
tra of Zn®7 and Co59 (Figs. 

8 1 & 4), and taking into ac- 
count the greater width of 

the 163 kev y-line (Fig. 4), 

we conclude that there 
should be no noticeable 
6 displacement of the peak 
in the case of Zn67, al- 
though the intensity con- 
tribution from the neutron 
interaction is appreciable. 
ni \ psoo™ 1 £ We did not undertake 
a 2n*?” a eg 1 to subtract this background, 
a 7n% ey Ne) inasmuch as in addition to 
it one should subtract the 
Miia, 2 contributions from the 
8 aye 2/F Arn zn87(p,py) (Ey = 182 kev), 

10 IG 50 70 90 “10 Channel No. zn§7 (p,yv) GaS8 (E = 188 kev) 
Fig.l. Low energy part of the y-spectrum from the and zn66 (p,y)GaS7 (Ey = 
zn©6 and zn67targets bombarded with 2.5 Mev protons. = 172 kev) reactions (in 

order to plot the excita- 
tion function for 172 kev gammas from the zn67 (pny) Ga®? reaction). We establish- 
ed that the contribution from the Zn®6(p,7)Ga67 reaction amounts to less than 5% 
of the total intensity of the y-radiation (associated with the main isotope) in 
the 172-188 kev region. Hence the shift of the y-peak with increase in proton 
energy can be explained only by the presence of y-radiation of 172 kev energy, 
arising from the Zn67(p,ny)Ga67 reaction. 

In investigating the zn68(p,n)Ga68 reaction, Chapman & Slattery3 detected a 
neutron group corresponding to a 342 kev excited state of Ga68, We failed to ob- 
»gerve a y-line of approximately this energy from the zn®7(p,y)Ga68 reaction against 
the background of the 359 kev line from zn66(p,y)GaS7 and the 388 kev line from 
zn67(p,p'y). The existence of the 388 kev y-rays from the last reaction is con- 
nected with the existence of 296 kev 7-rays, which we did observe and which are 
associated with a cascade transition from the 388 kev level through the 92 kev 

67 .5 & Table 3). 
awa ee Jala we hypothesized the existence of an 850 kev 
level in Ga67, which was assumed to de-excite by a cascade transition through the 
359 kev level. There are indications in the literature® that such a level does 
exist. In the present study we did not succeed in detecting y-radiation with an 
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Fig.2. Spectra of y-rays from the zn®6 and zn®7 targets bombarded with 3.0 Mev 
protons. 
Fig.3. High-energy part of the y-ray spectrum from the zn©© and zn§7 
targets bombarded with 3.4 Mev protons. The insert at the right is 
the excitation function for the 1205 and 1420 kev y-rays. 


Table 3 
Intensity ratios of y-rays emitted in Ga57—»zn67 decay 


Ey, kev | 90 | 92 | 4182 | 240 | 296 | 388 Le 
Gureda t = 100 40-+3 a. 2443 | 9,5+4 = 
Ref. 5 f 7,0-+0,5] 93-40,5 | 44,1443 | 3,040,8] 27,544 | 9,744 4 
Ref.6 6,8 93,2 75,6 1,9 50,4 12,1 2-5 
Ref, 7 a 2 400 34 a2 19,4 4,8 die 
Ref.8 5+4 95-F1 >) 53, 5-+-5° 15,5 494+6 | 1543 1,6 


energy of 500 kev and an intensity sufficient to distinguish it against the back- 
ground from annihilation radiation appearing as a result of positron creation by — 
the high energy y-rays and in the decay of Ga68, 

In investigating the y-spectra from the Zn66 and zn6§7 targets, we establish- 
ed the existence of two close y-lines, namely, 820 and 905 kev, in the radiation 
from both targets (Fig.2). In view of the exact coincidence of the energies in 
both spectra, one can attribute these y-rays to GaS7, moreover, the excitation 
threshold for E, = 820 and 905 kev in the Zn®7(p,ny)Ga67 reaction indicates that 
these departure levels are excited states of Ga67. 

Chapman & Slattery3 probably could not resolve the corresponding neutron 
group owing to the great thickness of their target (100 kev); hence they give 
only an, average energy value of 850 kev. Owing to inadequate separation of the 
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Fig.4. Low-energy section of 
the y-spectrum due to inter- 
action of neutrons with the 
scintillator (except the 74 
and 340 kev y-lines). Results 


obtained in bombardment of Fig.5. Spectrum of y-rays emitted in Ga67-»zn67 
Co»? with 2.5 Mev protons. decay. 


820 and 905 kev lines and the presence of ad- 
mixtures from other reactions, we did not mea- 
sure the excitation function. 

At proton energies below the excitation 
threshold for these levels in the Zn®7(p,n)Ga®7 
reaction we observed 830 kev y-rays, which we 
attributed to the Zn°7(p,yv)Ga68 reaction, and 
weak 880 kev y-radiation, which we associated 
with the zn67(p,p'y)Zn§7 reaction. 

We did determine the excitation functions 
for the 1205 and 1420 kev y-lines (Fig.3). The 
122 ? excitation thresholds equal the calculated val- 

52 A LILUL ues, and both y-lines correspond to excited 
states of Ga®7. There are no data regarding 
. these excited states of GaS7 in the literature. 
Fig.6. Levels of Ga®7 and GaS8 , If we analyze the variation of the ratio 
; of slow to fast neutrons with the proton energy 
in the zn67(p,n)Ga®7 reaction, as given by Chapman & Slattery3, we find that there 
is evidence in the experimental curve of a neutron group corresponding to these 
‘excited states, although Chapman & Slattery do not mention them. 
4 We attributed the 122 + 3 kev y-line to Ga68, although one cannot exclude the 
possibility that it appears from the zn70(p,ny)Ga?9 reaction. 


830 (842) F 


580 (574) 


PESERA RY 


- 846 - 


On the basis of our measurements we propose the level diagrams for Ga67 and 
Ga68 shown in Fig.6. The Ga®7 level at 1540 kev was taken from the work of Chap- 
men & Slattery. 

We also investigated the y-radiation accompanying Ga&7—»zn§7 decay (Fig.5). 
The peak at 65 + 2 kev corresponds to absorption of 92 kev y-rays (28 kev x-rays 
subtracted) by the iodine of the scintillator. The intensity ratios of the in- 
vestigated y-lines are listed in Table 3. 
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FINE STRUCTURE OF THE ALPHA-SPECTRUM OF Th229 
- G.E.Kocharov, A.P,Komar, G.A,Korolev, I,N.Marov & Yu.A.Surkov 


Radioactive Th229 is produced in a-decay of U233 with a period of 1.62-10° 
years. Inasmuch as the period of Th229 is 7000 years, its activity builds up very 

slowly. Consequently, a large amount of U233 is needed to obtain sufficient Th229 
activity for measurement purposes. Thus, for example, a ten year old one gram 
sample of U233 contains only about 40 yg of Th229 @8 uC). The difficulty of ob- 
taining sufficient amounts of Th229 undoubtedly explains why there have been only 
a few studies of the Q-decay of this isotope. 

In their investigation of the 4n + 1 radioactive series, Hagemann et alt in- 
vestigated the a-decay of Th229 in an ionization chamber. Owing to the low ener- 
gy resolution of their equipment they were able to resolve reliably only the most 
intense Q-particle group with an energy of 4850 kev. In addition, they identi- 
fied two weaker groups with energies of 4940 and 5020 kev. 

The present investigation was undertaken with a view to checking and refin- 


ing the data of Hagemann et al, taking advantage of the high resolution of our 
ionization a-spectrometer2; 3, 


Chemical separation of Th229 


As the initial step in the preparation of the source, U233 uranyl uranate 
was dissolved in concentrated nitric acid. The resultant uranyl nitrate solution 
was evaporated to minimal volume and then diluted with nitric acid to obtain a 
2-3 N solution. The major portion of the uranium was separated by extraction of 
the uranyl nitrate from the solution with ethyl ether. The extraction operation 
was repeated 6-8 times. It is known that thorium is virtually not extracted by 
ethyl ether. 

Further purification of the thorium was realized by the ion exchange tech- 
nique. To this end a water solution of the uranyl nitrate and decay products, 
after extraction and precipitation of the ammonium diuranate, was dissolved in 
concentrated hydrochloric acid. According to the data of Kraus & Nelson, U(VI) 
is readily absorbed by anionites from concentrated hydrochloric acid solutions. 
On the other hand, thorium is not absorbed by anionites from HCl solutions at any 
concentrations. 

The resultant solution of the chlorides of uranium and its decay products in 
an 8 N solution of HCl was passed through a 6 mm diameter, 40 cm long column fil- 
led with EDE-10n ion exchange resin, flushed beforehand with an 8 N solution of 
HCl. It must be noted that the thorium appears in the filtrate much later than 
might be expected on the basis of the data of Refs.5 & 6. As regards activity, 
the first 30-40 ml of the filtrate contained primarily the daughter products of 
thorium; after which thorium appeared. The process was monitored by observing 
the a-spectra in an ionization chamber. 

The anionite was washed with 8 N solution of HCl until traces of uranium ap- 
peared in the filtrate (after the passage of 100-130 ml 8 N HCl solution). Final 

purification of the Th229 from uranium and the decay products was realized by 
passing a solution of the chlorides of these elements in 2 N HCl solution through 
a layer of KU-2 cationite. The thorium under these conditions is stably absorbed 
by the cationite.4,6 After passage of the solution the cationite was washed with 
30-40 ml 2 N HCl solution in order to expel the residues of uranium and decay 
products from the cationite. The thorium was extracted from the cationite by 
means of 30-50 ml 1 N solution of HgC204- This purified thorium product was used 
for preparing the a-particle sources, including film sources for measurement of 


dQ-ex coincidences. 
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Q-Spectrum of Th229 
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Fig.l. a - Spectrum recorded without collimation; b - calibration curve (scale at 
right). The solid points pertain to unknown lines; the open circles to known 
lines. 
Fig.2. Q-Spectrum of Th229 obtained with electric collimation. Channel 
width - 17 kev. 
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Fig. 4 
Fig.3. Q-Spectrum of Th228 and Th229 recorded with— 
out coincidences, b - Q-ex coincidences. 

bby Fig.4. a-Spectrum of Th229 recorded without colli- | 

er Sours mation. Channel width - 21 kev; a - without co- 
annel No incidences, b - d-ex edinedidenses. Note bulge due 

Fig.3 to the Q4 group evident in the latter spectrun. 
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As noted above, the ener spectrum of t — 229 
gated by means of an ericaticn eeeeretodcian, > ny Sati tal el accutane’ 

In our U233 | in addition to Th229 | there was present a certain amount of Th228, 
The well known Q-lines of Th228 and its daughters were utilized for determining 
the energy of the unknown Q-lines. Thus the Q-particles from Th229 and the refer- 
a lines viet analyzed under the same conditions. One of the recorded calibra- 

on curves is shown in Fig.l. The reference lines utilized were faa 

Th229 (5421 kev), Ra224 (5681 kev), Rn220 (6282 kev) and Boa18.ce77StiGs) sabes 
‘shown in the work of Harwey et al’, imperfect screening of the grid, the thickness 
of the source and differences in pulse rise times all shift the peak of the aQ- 
‘particle pulse distribution to the side of lower energies. Inasmuch as the magni- 
tude of the shift varies with the energy, the Q-particle spectrum is distorted. 
Hence we introduce all necessary corrections. The energy of the principal aq- 
particle group from Th229 , determined as a result of several series of measure- 
ments, proved to be 5040 + 5 kev. 


The energies of the other Q-groups were deter- 
Th’? =, mined from the spectrum recorded using electric 


Wo / collimation (Fig.2). In addition to the principal 
wer 7997 (Qo) line, there were clearly discernible three more 
if / ; 


(1/2*) 240 tea Ay, fine structure lines. 


(5/2*) o/s The fact that the Qp group is associated with 
transition to the ground state of the Ra229 daughter 
is substantiated by measurements of coincidences of 
the a-particles with conversion electrons. The con- 
yg version electrons were detected by a proportional 
/ counter located inside the ionization chamber.® The 
7 ar principal a-particle groups are absent from the Q- 
Ra”? spectra recorded in coincidence with conversion 
Fig.5. Decay Scheme of Th229, electrons. This is evident, for example, in the 
spectrum of Th228 shown in Fig.3. 
: It may also be noted (Fig.4) that the peak associated with the Qo group is 
“effaced from the Th229 spectrum recorded in coincidence with conversion electrons 
with a narrower channel width. In addition to the above mentioned Th229 groups, 
we found evidence of yet another group - Q4 - in the low energy region. The thori- 
um Q-line energies and relative intensities as determined from the experiments are 
listed in the following table: 


ne ay 


Line 0/4) Oty 1g ag O14 
Eq, kev 5040+5 4965+10 4890+10 483545 4805+5 
Relative intensity ,% 8 10 12 60 10 


On the basis of the experimental results we propose the decay scheme shown 


in Fig.5. net ‘ 
Inasmuch as the favored transition occurs without change of K (projection o 

the total angular momentum on the nuclear symmetry axis), the assignment for the 

210 kev level should be 5/2+. Apparently, a rotational band with K = 5/2 is based 

‘on this level. The first level of this band is located at 240 kev and has spin 
We are now undertaking an investigation of the spectrum of conversion elec- 

trons accompanying the Q-decay on a magnetic B-spectrometer for the purpose of 

j 1s. 

determining the assignments for the other leve 

We hearts to express our sincere gratitude to E. A. Damaskinskii, graduate 


student of Leningrad Polytechnic Institute, for assistance in the work. 
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CONVERSION ELECTRON COINCIDENCES IN Se75—»As75 DECAY 
- V.E.Bunakov, B.S,Dzhelepov, I.Zvol'skii & V.A,. Sergienko 


Ws .578 Cress coincidences between the conversion electrons emitted in 
ae 1 ae days) decay on the twin magnetic lens B-spectrometer described 
7 aekis e was prepared by neutron irradiation of selenium enriched in 
Se’“. The activity was deposited in the form of a selenide on a lightly alumin- 

ized mica film. The effective diameter of the source did not aweks 5 a 
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_ Fig.l. Singles Se75-—»As75 conversion electron spectrum. At right - the section 
of the As75 level scheme corresponding to our results. 


The decay of Se75 has been investigated by a number of authors. The latest 
results are given in the work of Grigor'ev et al2. Gamma-rays with energies of 
25, 66, 77, 81, 96, 121, 136, 199, 265, 280, 305, (370), 401 (475) and 572 kev 
were recorded. Coincidences between 7y-rays were investigated by Lu et als, 
Schardt et al4 and Van den Bold et al5 by means of scintillation spectrometers. 
Coincidences between the following y-rays were observed: 66 & (121 + 136), 66 & 

199, (121 + 136) & 199, and (121 + 136) & (265 - 280) kev. 
The decay scheme based on the latest data is shown in Fig.1 (insert) .2,6 
The singles conversion electron spectrum of Se75 up to 400 kev, as recorded 
by the magnetic lens of our spectrometer viewing the activity side of the source, 
, is shown in Fig.l. Inasmuch as the mica backing was very thin, the singles spec- 
trum obtained on the other half of the spectrometer differed very little from that 
reproduced in Fig.l. The energies of the lines and their relative intensities 


agree with the data of Refs.2 & 4. 


“ Coincidences between conversion electrons emitted in Se75-—*as‘5 decay 

| In recording electrons with poth halves of the twin spectrometer there were 
observed coincidences between the following conversion electrons: K-136 & K-66, 
K-136 & K-265, K-121 & K-280, K-199 & K-55, and K-199 & (K-66.5 + K-81). The co- 
incidence rates at the line peaks and the numbers of chance and true coincidences 
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Line on Counting Counting 
18% spect. | rate at |Line on Fate at 
(thru back-] peak, and spect | peak, 
ing) 1G 10-4¢/min 


Coincidences per hour 


True 


4 Total | Chance 
c/min 


K- 66 10 K-136 29 759 463 292 
K-136 29 K-265 18 1758 1162 596 
K-121 21 K-280 13 604 274 330 
K-199 42, K- 66 10,5 205 55 150 


are listed in the accompanying table. 

As will be evident from the table, the ratio of true to chance coincidences 
was small in all cases: from 0.5 to 3. This is explained by the low values of 
the internal conversion coefficients of the y-transitions (light nucleus). 


WO p/min "156 


Ue 


(199) 66) 


Fig.2. Heavy line - coincidences with the 

K-66 electrons; light line - K-121 and peta ees 

K-136 lines recorded on a single spectro- 
meter. 

Fig.3. Heavy line - coincidences with K- 

199 electrons; light line - singles K-66 
line. 


600 800 1000 
a Hp, 6s cm 


The occurrence of coincidences between the 66 and 136 kev transitions is il- 
lustrated in Fig.2. Our data also indicate that these transitions are in cascade 
According to the Se75 decay scheme (Fig.1), there should be observed coinctdéricen’ 
between the electrons from the 121 and 66 kev transitions if there is a 15 kev 
transition between the 265 and 280 kev levels. We did not detect this transition: 
eM ay et el gyn Yack epee coincidences did not exceed the statistical fluctua- 

Fig.3 shows the results of investigating coincidences betwe - - 
trons and the K-66, LM-66 + K-81 and K-96 electrons. There is cas pare 
strong peak due to (K-199)-(K-66) coincidences in the region of the K-66 line 
The M-66 and K-81 lines were not evinced in the singles spectrum; in the écieks 
dence spectrum, however, one can discern a (K-199)-(LM-66 + K-81) peak. Accord- 
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ing to the decay scheme (Fig.1), in 
Wig"? pulses/min addition to (K-199)-(K-66) coinci- 
dences, there should also be ob- 
served coincidences between K-199 
and K-81 electrons. 
inne On the basis of the intensity 
da balance data given by Grigor'ev et 
al“ the ratio of the (K-199) -(LM-66) 
to (K-199)-(K-81) coincidence rates 
should be 32 to 1. In our experi- 
ments the coincidence counting rate 
at the peak of the coincidence curve 
in the region of LM-66 + K-81 was 
| only 36 pulses per hour. The ob- 
10+400 served coincidences were apparently 
! primarily coincidences between K-199 
and LM-66 electrons. It will be 
evident from Fig.3 that there are 
no coincidences between the K-199 
and K-96 conversion electrons, al- 
though the 199 and 96 kev transi- 
tions are shown in sequence in the 
5 200 decay scheme (transition series: 
96—»25-»81-»199 kev). The reason 
for the absence of these coincidences 
is that the 305 kev level, at which 
the 96 kev transition terminates, 
is an isomeric state (lifetime - 
17-1073 sec). 
The occurrence of coincidences 
1700 between the 136 and 265 kev transi- 
tions is illustrated in Fig.4. The 
(K-136) -(K-265) coincidence curve 
Fig.4. Heavy line - coincidences with K-136 has a half-width approximately equal 
electrons; light line - K-265, K-280 and to the half-width of a singles line. 
K-305 lines recorded on single spectrometer. It may safely be asserted that there 
are (K-136)-(K-265) coincidences, 
but no noticeable (K-136)-(K-280) coincidences, in conformity with the decay scheme. 
-Fig.1 shows that the K-136 line is appreciably more intense than the K-121 line; 
when the stationary channel of the spectrometer is set on the K-136 line it may 
also pick up a certain number of K-121 electrons, which could give coincidences 
with the K-280 electrons. 
When the stationary channel of the spectrometer is set at the K-121 line 
_ (Fig.5), there is obtained a broad coincidence peak. It is, apparently, the re- 
sult of surposition of two coincidence lines: the main (K-121)-(K-280) coincidence 
curve and the auxiliary (K-136)-(K-265) coincidence curve that appears owing to 
the fact that, in addition ot the weak K-121 line electrons, the spectrometer 
picks up the electrons of the strong neighboring K-136 line, which give rise to 
the (K-136)-(K-265) coincidences (see Fig.4). Thus the 136 & 265 kev and 121 & 
280 kev transitions form twin cascades. 


Pee SY 
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N, coine/hr 


saad (H-129) (1-280) +(K-136 )(K- 265) 


(-121) (K-280) 


200 


1700 1900 


Fig.5. Coincidences with the K-121 line, 
which may include an admixture of K-136. 

The broad experimental peak can be resolved 
into two peaks: (K-121)-(K-280) and (K-136)- 
- (K~265). 


(1955). 


Thus our results amplify 
and refine the data of Refs.3-5 
on the coincidences between 7- 
rays and generally substantiate 
the Se75 decay scheme shown in 
Fig.l. 

We take this opportunity to 
thank A.V. Zolotavin for provid- 
ing the Se’5 activity, making 
available his experimental re- 
sults prior to publication and 
valuable discussion. L.Gorzhak, 
student of Leningrad State Uni- 
versity, participated in the 
measurements. 


Scientific Research Physical In- 
stitute, 

"A.A, Zhdanov" Leningrad State Uni- 
versity 
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REGARDING Er!60 70160 ayn ypl66_.7_166 pRanstrions 
- E.P.Grigor'ev, B.S.Dzhelepov & A.V. Zolotavin 


Recently there have been a number of inv 

: estigations devoted t 

series Er160—-Ho160 (Refs.1-5) and ¥b166_17m166_.5 7166 (Refs. 6-8) at lea tn 
In the present contribution we want to call attention to some distinctive 


features of the first transitions in these se , 
| ries (possible ve _ 
cay schemes are shown in Fig.1). . versions of the de 


pa Yo 1. Erl60_.749160 
294 a ae ea sehr j ; TH 
7 Hol60 is known to have two iso- 
Py, et meric states with half-lives of 22 
a min9,10 and ~5 hr (4.6 hr)11l, The 
52 Aieapeyrg (o71 | 5 hour isomer decays primarily by 
(2) ao" (1) emission of conversion electrons cor- 


responding to a 60 kev transition; 
comparison of the theoretical and ex- 
perimental values of the ratio 

(Ly + Lyz)/Lyyz and the period leads 
to the inference that this is an E3 
transition4, 

At present the spins and pari- 
ties are not known for any of the 
states of Hol®9, ft has been sug- 
Fig.l. Tentative decay schemes for Er160 gested in the theoretical studies 

and ybl66, of Bohr & Mottelsonl2 and peker13 

that among the low-lying states of 

odd-odd nuclei there must be two levels with the same parity and spin I =2,+Q,, 
where ©, and ©, are the nuclear spins associated with the odd proton and neu- 
tron, respectively. This rule holds well for the odd-odd nuclei neighboring with 
Hol60, ‘The values of ©, and 2, , according to Pekerl3 are 7/2- and 3/2-. Hence 
one can expect states with 5+ and 2+ in Hol60, One cannot, however, assert that 
these states are the two experimentally observed isomeric states (22 min & ~5 hour) 
inasmuch as the 5+-¢2+ transition must be of the M3 + E4 type, rather than E3. The 
ground state of Erl160 (even Z and N) is 0+. Hence direct excitation of 5+ and 2+ 
states in Hol60 must be forbidden (at least twice) in the decay of Erl60, 

We want to call attention to the fact that judging from the half-life and de- 
cay energy, there occurs an allowed or once forbidden transition in Erl60, and 
consequently, the decay must go to some other as yet unknown level of Hol60, The 
energy of the Fr+69_,70169 transition apparently does not exceed 1 Mev. This may 
be inferred from the following facts. 

1. No positron spectrum or annihilation radiation was observed from Er160 
»purified of Hol69 (Ref.4). 

2. No y-rays with energies above 60 kev (Ref.3) or conversion electrons with 
energies exceeding 10 kev (except those from the 60 kev transition) were observed 
in the decay of Er160 purified of Hol60 (Ref.2). : 

3. The Erl60-Hol60 mass difference calculated by the semi-empirical and em- 
pirical formulas of Cameronl4 and Levy!5 equals 526 and 623 kev, respectively. 

Curve a in Fig.2 shows the variation of log f, t with the decay energy for T = 
= 29 hours. Under f, we understand the sum of the functions fg, fy and fiy, per 
taining to allowed pt-decay, K and Ly capturel6; f,t is equal in magnitude to the 
usual ft value. Allowed (not mirror) transitions have log ft values from 4.0 to 
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Fig.2. Variation of log ft with the energy for the 
decays: a) Erl60—syH0160*, p) ybl66—+Tm166 and c) 
Yb166—»Tm166, 1 - mean value of log ft for once 
forbidden transitions, II - lower bound of log ft. 
1 - transition energy according to Cameron, 2 - 
transition energy according to Levy-Riddell. The 
uncertainties indicated by the vertical bars on 
curves b and c are connected with the fact that 
the precise fraction of decays to the excited 
state of Tm156 is not known. * = metastable. 
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6.0 (with Z inhibition to 
9.0); once forbidden (not. 
unique) transitions have 
log ft from 6.0 to 8.0, 
while unique transitions 
have log ft from 7.1 to 
9.8. For twice forbidden 
transitions log ft is al- 
ways > 12 (see the B-decay 
systematics of Mayer, Mosz- 
kowski & Nordheim17,18). 
Thus it may be inferred 
from Fig.2 that if the 
Erl60 decay energy is less. 
than 1 Mev, the decay is 
either allowed or once for- 
bidden. 

The function f for 
unique B-transitions can 
be calculated unambiguous- 
ly: we write 


fun = fs. aia fly 


The products fy,t form a 
more compact group than 
(ft)un, and log fynt equals 
6.2 to 8.5. Fig.3 (plotted 
in the same way as Fig. 2) 
shows that if the Erl60 de- 
cay energy is less than 1 
Mev, this decay can be 
classed as a unique trans- 
ition. It follows there- 
from that the level to whic 
the decay goes cannot have 
the spin and parity 2-. 
There remain for it only 
the assignments of O+ and 
dk: 

In earlier studies it 
was assumed that the as- 
Signment for the ground 
state of Hol60 is 54, and 
that for the isomeric (~5 
hour) state 2-, An indi- 
rect substantiation of the 
5+ assignment for the Hol60 
ground state is to be found 
in analysis of the 6+-spec- 


veleer Variation of log funt with energy for the decays: a) Er} 60_,40160* | b) 


6—»Tm166 and c) yblé 


—Tml66, 1 — mean value of log fynt, II - lower bound 


of log fyt for "true" unique transitions, III - 1 

; ower bound of lo t for all 
transitions now loosely classed as unique. 1 - transition energy (ie to 
Cameron, 2 - transition energy according to Levy-Riddell. 


- 857 - 


160 
_ of Ho (S hour) and the theoretical work of Gallagher & Moszkowskil9. 
. pen eaoretne peas order of the transition the isomeric state 
ute e sp and parity 2-. The th i 

level has not been observed. ete oe Pears - 

Our assertion is that the decay of Erl60 passing through the ~5 hour isomer 
goes not to levels with 5+, 2- or 2+ but to some other higher lying level. This 
level, however, must be located not higher than 10 kev above the isomeric one, 


since otherwise the corresponding conversion electrons would have been detected 
in the experiments of Refs.2 & 4. 


2. Ybp166—»pm166 


Tm166 is an odd-odd nucleus with a half-life of 7.7 hours. It has an excited 
level at 81 kev; presumably most of the electron captures in Yb166 go to this lev- 
el (according to the data of our experimental study? 75 + 30% of the decays go to 
the excited state of Tml66), The level is de-excited by an 81 kev Ml type transi- 
tion. No other excited levels in Tm166 have been detected, nor is there any ex- 
perimental evidence for a positron spectrum corresponding to Yb166—sTm166, The 
yb! S6~m166 mass difference equals 117 kev according to Cameron's formula, or 436 
kev according to Riddell's. Consequently, as in the case of Erl60, the ybl66 de- 
cay energy should not exceed 1 Mev. Curve b in Fig.2 shows that for this energy 
the transition to the excited level of Tm166 may be either allowed or once for- 
bidden. It is apparent from Fig.3 that the transition to the excited level of 
Tm166 (curve b) cannot be a unique one; however, the transition to the ground 
state (curve c) can be unique. 

According to the spin-parity rules for odd-odd deformed nuclei, the assign- 
ment for the ground state of Tml66 may be 2- or 3- according to Pekerl3 or only 
3- according to Gallagher & Moszkowskil9. 

In view of the above said it may be concluded that either the Tm166 nucleus 
is an exception to the rule of Gallagher & Moszkowskil2 (Hol66 is also an excep- 
tion) or in addition to the 81 kev level it still has another close (within 10 
kev) excited level through which an appreciable fraction of the Yb166 decay 
branches. 

We desire to thank L.N.Zyryanova for clarifying the systematics of B-decay 
and discussion of some of the results and L.K.Peker for discussion of the work 
as a whole. 


Scientific Research Physical Institute 
"A. A.Zhdanov’ Leningrad State University 
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Hol60 pECAY AND Dy160 LEVEL, DIAGRAM 
~ E.P.Grigor'ev, B,S,Dzhelepov, A.V. Zolotavin, B.Kratsik & G.Bitterlikh 


The level diagram of Dy160 arrived at on the basi 
8 of investigation of the 
decay of Tb160 and Hol60 (from Er160) has been given in Ref.1. The energy of the 
highest-lying level shown in the diagram is 1718 kev. Analysis of all the avail- 
able facts, however, led us to the conclusion that in the decay of Hol60 there 


must appear excited states of Dy!60 with energies up to 2900 kev; this was, in 
fact, substantiated by subsequent experiments. 


In the present report we give the results of investigation of the transitions 
from high-lying levels of Dy!60 and cite some supplementary data that tend to sub- 
stantiate the proposed scheme for the low-lying levels of Dy160, 


1. Experimental Conditions 


We investigated the positron and conversion electron spectra by means of a 
B-spectrometer with a resolution of 0.4-0.5% under the same conditions as in the 
work of Refs.1 & 2. The erbium fraction source was obtained by chromatographic 
separation of the rare earths extracted chemically from a tantalum target bombard- 
ed with high energy protons. 

The observed internal conversion lines were identified as belonging to Hol60 
on the basis of the half-life of Er160 (29.2 hours). Careful observation of the 
radiations from the ytterbium fraction over a prolonged period showed that there 
were present in it minor admixtures of Tm, Yb and Lu. The conversion lines attri- 
buted to these species were excluded from further consideration. 

Our source had a high activity. Owing to the presence in its spectrum of 
high energy y-rays the background of the detecting system, which consisted of two 
counters operating in coincidence, increased from 5 to 20 counts per min. In ad- 
dition, there was observed a continuous electron background that varied with change 
in the strength of the magnetic field. The magnitude of this background amounted 
to several hundred counts per minute in the low energy region of the spectrum and 
some tens of counts per minute in the 400 to 600 kev region at a counting rate of 
several tens of thousands of pulses per minute at the peaks of the strong conver- 
sion lines. Obviously, this background hindered observation of very weak conver- 
sion lines. 


2. Bt-Spectrum 


We studied the composition of the Bt-spectrum in the low energy region. In 
analyzing the experimental data, we assumed that the low intensity high energy 
component has the end-point energy and shape described in Ref.3. The other parts 
of the spectrum were analyzed by resolution into components of Fermi shape. 
| The Fermi-Kurie plot for the spectrum is shown in Fig.1; the quantitative data 
‘on the spectrum components are listed in Table 1. A certain excess of positrons 
was observed in the region below 160 kev. This excess may be associated with yet 
another component, but in view of the statistical accuracy of the measurements we 
cannot at present claim that the existence of this component is proved. 

We found that Jp+/Ix-7) = 2.2 + 0.2 (the intensities were measured with the 

same source). From the data on the conversion spectrum (Table 2) it follows that 
Ix-130/I tmn-60 = 0.0025. . 
; ee intensity balance for the transitions in Hol60 (Table 3) shows that the 
60 kev transition occurs in 66% of the disintegrations. On the basis of all the 
data considered jointly, we infer that the total of all positrons per disintegra- 
tion is 0.36%. 
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Inasmuch as it is 
not known whether the 
B+-decay of Hol departs 
from the ground or iso- 
meric level, we have list- 
ed the two alternative 
values of log ft for each 
component in Table 1. 


3. Conversion 
Electron Spectrum 


In the present experi- 
ments we found 55 new con- 
version lines, and, ina 
number of cases, also ob- 
tained more accurate val- 

0 l ues for the energies and 
a er a4 Hee fun,  velative intensities of 


the lines listed in Ref.1l. 


Fig.l. Kurie plot for the Hol50 g+-spectrun. The results of the present 
and previous investiga- 
Table 1 tions are summarized in Table 2. 

Composition of the Bt-spectrum of Hol60 The uncertainty in determining 


lOO ee _the conversion line energies ranges 


£ log ft 
Endpoint | Relative Beamching, °€ from 0.1 to 0.3%, depending on their 


energy, kev| intensity 4, T=5 hr | T=22 min intensity and the degree of overlap- 
ping. The energy difference between 
420-4. 40* 1,6 0,006 54 4,0 the K and L lines for all transi- 
3104 30 4,0 0,014 6,3 54 tions (except for the 2675 kev trans-- 
ee _ s ve fg: oy ition) is close to the difference 
1900-4100 [3] 6,4 0,023 93 8,2 between the binding energies in the 
------+--- K and L shells of Dy160, 
*The resolution of the component with The conversion lines observed 
end-point energy 120 + 40 kev is tentative. only in one series of measurements, 
[3] = Ref.3 recorded with inadequate statistical 


accuracy or obtained as a result of resolution of several close lines have been 
classed as "doubtful" and the data for them are given in parentheses. Lines mark- 
ed with an asterisk in Table 2 could not be satisfactorily fitted into the pro- 
posed Dy16° level diagram. 

The experimental values of K/L were compared with the theoretical ratios for 
different multipole orders. In some cases a discrepancy between the experimental 
and theoretical values indicates that one or more K lines from other transitions 
are superimposed on the L line in question. Specifically, this is the evidence 
for the existence of the K-1419 and K-1476 lines. 

Two sections of the Hol60 conversion electron spectrum are reproduced in 
Figs.2 and 3. The K-1264 and K-1273 lines have half-widths of 0.4%, whereas the 
half-width of the K-1285 line is 0.57% (Fig.2). This indicates that the observed 
line is a double one, i.e., the result of surposition of two close lines. 

The half-width of the close L-1264 and L-1273 lines is 0.56%, which again is 
greater than the half-width of single lines (0.4%). The data’ on the radiations 
from Tb160 indicate that there may be a 1314 kev transition in Hol60, the x-1314 
line should be located between the L-1264 and L-1273 lines. Assuming that the 
1314 kev line is present in the spectrum of Hol50, we carried out another version 
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eer eie6 and inten 
sities of co Table 2 
nversion electrons emitted in Hol6U-—spyl60 decay 
Ni 3 Iden- nt Relative Tden-— 
ey> tae 2 : : Ne Bins; : hy, R j 
Sete if— | yey | intensity key | tt ree a i Sa le 
icat. icat. intensity 
4 | 51,2 |L,+L,| 60,4] 11504120 || 59 | 909,6) K |963,4| 2,10 
2 52,05 Ly 60,1 40504100 || 60 | 912:9| K |966.6 one 
; 430-125 esas 
fe \* 5952 N | 59,6 110-68 82 oa i [9674 ) eee 
5 |. .33.0 x | 86'8| 9144150 || 63 | 98.4) a |ocoi1|f 4040.10 
6 |34,3—40,3| K-LL 400-F80 64 | 964,9| M |966,6| 0,07-40,04 
7 |41,4—46,7|L-LM 180-40 65 | 994 | K | 1048 Bee 
8 | 76,3 | L,+L,|.86,2| 790-80 66 | 1040] L | 1048] 0,03-£0,04 
9. | 7B 4 L, | 86,2] 610-460 67 | 1015| K | 1069 0 24:0'0 
10 | 84,5 M | 86,2| 400+20 68 | 1061] L | 1069] 0 648-0" t 
41 | 86,4 N | 86,5| 100+7 69 | 1079 | K | 4433 Piceeca up 
42 | 53/9 K |107.7| 10-44 70 | 1124; £ | 1133 1) = 
43 | 99,3 Z 407.2 2.840,6 | 71 | 4126) K | 1180 0,066-L0,015 
44 | 142.2 K |196,2]} 400-65. 72 | 1447 
; K | 1201 | 0,070--0,015 
45 | 189.7 | Cy) ee) 73 | 1210| K | 1264] 0,14-£0,03 
16 | 195.6 m |197°3| 8,440.8 || 74 | 1254] ZL | 1263} 0,03440,012 
47 | 196.5 nw |196'9) 2780.6 || 75 | 1218]; K | 1272] 6,410,03 
18 | 161,0 KR |214’8| 0530705 || 76 | 1265| ZL | 1274] 0,036-0,013 
19 | 243,4 Rat 207-2 7 77* | 1231 | K | 1285 | 0,09-£0,03 
20 | 244'6 K | 29874 4 3,040,2 |! 43 | 4275 | 1 | 1284) 0,615320'009 
21 | 290.7 L |298.5| 0,9-+0,1 79 (4260) K | 1314] 0,028¢0,010) 
22 | 297.0 Mm 1298°7| 0.36005 || 80 |(1284] x | 1338 | 0,020,01) 
23 | 256 x |310 | 0'4640,05 || 81x | 1291 | K | 1345 | 0,025+0,015 
2A 30! K 363 0 220,05 82 |(1296| K | 1350] 0,013-+-0,009) 
‘092-0704 || 83 | 1323 | K | 1375 | 0,08040,012 
37 | 399 | SOTA AOA Oe ae one o'o18£0 010) 
28* | 437,6 K_ | 491,4|0,076-£0,02 || 86 (356 K 410 0 haat O10) 
29 | 460,6 K |514'4| 0,75--0,04 |) 87* | 1365 | K | 1419 |\ g . 
a et |b ieee) ame) |i) & [HET oncen 
5 eg, 45 || 89 | 1379 | K | 1433] 0,054-L0,01 
32 | 534,41 L |540,0| 0,42-£0,06 || 90 |(1385| K | 1439] 0 5440, Ott) 
4 33 | 539,4 mM |544.1| 0,15-£0,05 || 91 | 1422) K | 1476 
34 | 593/8 K |647'6| 5,25-40,30 || 92 | 1422| L | 1434 } 0,024.0, 014 
ee |S, (RS) Sas ae | a ae) Sa 
5 K 71.) 0 009 
37, | 620,4 K | 673,9|0 0320, o12| 95 | 1665| x | 1719 | 0,023£0,007 
38 | 630,3 K 1684.4] 0,410.03 || 96 |(1717| K | 1774 | 9, 010-E0 , 006) 
39 | 654,8 x |708’6|0,0980,020|| 97 | 1730) K | 1784 | 0,018--0,005 
40 | 75,9 | K [720,7) G00 | OS |Gt53 | x | i807 | 0: ene 
42 | 729°4 | M+N|731,1| 0,3240,08 || 100 |(1766 | K | 1820) 0 "011-£0,007 
43 | 700,9 K. |75477| 0,6340,14 |] 101 |(1799 | K | 1853 | 0 ”003-£0,003 
44 | 745,4 ZL |754'5| 0,10-£0,03 |] 102 |(1810) K | 1864) 0 ”004-£0, 004 
45 | 751,8 m |753'5|0,036--0,018] 103 | 1818) K | 1872) 0 ” 008-E0,, 004 
3 46 | 713 K |766/7| 0,8040,13 |) 104 | 1873 | K | 1927 0016-0, 005 
s 47 | 757,4 T |766'1| 0,14-£0,04 |] 105 | 1905) K | 1959 0 016-E0, 005 
f 43 | 765'5 | M+4N|767,2|0,056--0,022|| 106* | 1954 | K | 2008 0/015-E0 , 004 
; 49* | 773,3 K |82771| 6,10-£0703 || 107* | 2015 | K | 2069 | 0, 006-0003 
g 50* | (783,8 x |837'6| 0,05-£0,03)|| 108* (2035 | K | 2089) 0, "007-0, 004 
iy 54* |(791,7 K |845.5| 0,040,02)|| 109* 2136 K 2190 0, 9070, 003 
y 52 K_ |858,3| 0,10-40,03 || 110 il be Be 
53 | 819.4 K |873'9| 0,92:40,13 || 114 | 2565} K | 2649 | 90, "010-0, 005 
54 | 863,8 TL |872’9| 0,14£0,04 || 142. | 2584 | K | 2638) 0 "011-0 ,005 
55 | 826,0 K |879'8| 3,640.4 || 143* |(2596 | K | 2650) 0 "006-0, 004) 
56 | 871,0 TL |88070| 0,400,508 |] 114 | 2621} K | 2675) 0 "016-E0,005 
57 | 879'6 | M--N|880,3| 0,15+0,06 || 115  |(2661 L_ | 2670 | 0,002--0,001) 
58 |1(889,2 K |943°0| 0,070,04)|| 116* |(2674 | K | 2728 | 0 ’0020,002) 
ui7_ |2709! K | 2763! 0,00340,002 


*Presumably double lines. [Also see third paragraph under Section 3, 


page 860, Translation editor. ] 
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K1264 K-1273 
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Fig.2. Section of the Hol conversion electron spectrum in the Hp range from 
5400 to 5900 gauss‘cm, The dashes indicate the resolution of the lines. The 
width of the K-1285 line is greater than the apparatus width. Insert - second 
variant of resolution of the group of L-conversion lines bringing out the K-11314 


80 


60 


40 


10200 


line. 


of resolution of this section 

of the spectrum, assuming that 
the half-width of ali the lines — 
is 0.4% (insert in Fig.2). With 
this variant of the resolution, 
the K/L ratios for the 1264 and 
1273 kev transitions are in 
better agreement with the theo- 
retical values of K/L than with 
the first variant, but in this 
case the ratios are appreciably 
lower than the theoretical val- 
ues for low multipole orders. 
This indicates that the experi- 
mental L-1264 and L-1273 lines | 
may contain an admixture of yet — 
70300 70400 70500 10600 Hp.tscn Ovher lines. 

To the high energy side 


Fig.3. Internal conversion lines associated with of the lines in Fig.2 there is 


the highest energy transitions in Hol60, 


difficult. 


K~-1338, K-1345 and K-1350. We classed the K-1338 and K-1350 lines among the doubt: 
ful ones, inasmuch as they are weak and it is difficult to resolve them unambigu- 
ously; moreover, the statistical uncertainty here is appreciable. If a 1314 kev 


a group of unresolved lines, 


identification of which is very | 
By analytic resolution one can determine four lines, namely, L-1285 
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transition actually does occur in Hol60, the L line associated with it should be 
in this group, close to the K-1350 line. 

The highest energy section of the Hol60 conversion spectrum is shown in Fig. 
3. The shape of the K-2675 line differs from the standard shape in that it is 
broadened to the high energy side, possibly due to a weak line in this region. 

The presence of such a line would lead to overestimates in determining the energy 
and intensity of the K-2675 line. This in fact may explain the difference in the 
energy values for this transition determined from conversion on the K and L shells. 

We classed the K-2728 also among the doubtful ones owing to the paucity of 
the points for it in the first series of measurements (Fig.3) and the inadequate 
statistical accuracy in the second series. 

The K-2762 line is the highest energy and at the same time the weakest line, 
the existence of which has been reliably established. It was recorded in three 
series of measurements. Although the statistical uncertainty is appreciable, 
there can be no doubt regarding the actual existence of this line. 


4. Dy160 Level Diagram 


As a result of the present measurements we were able to supplement and am- 
plify the level diagram for Dy!60 given in Ref.1 (Fig.4). In the present experi- 
ments we detected for the first time the following transitions between already 
known levels of Dy!®9, 


684.1 kev: 966.5 kev (2+) —» 283 kev (4+) 


1476 " 1565 (3,4) — 86.5 " (2+) 
1410 " 1696 " (4+) —» 283 " (4+) 
673.0. 1721 " (3) —» 1049 " (3+) 


In addition, we were also able to determine the energies of a number of the high- 
est-lying levels of Dy160, 
* A new level was introduced into the level diagram on the basis of energy con- 
siderations only when there were observed at least four transitions departing from 
it to lower-lying levels with close spins. Further, it was assumed that the er- 
ror in determining the conversion line energies did not exceed 0.3%. 

The following levels were found to satisfy the above conditions: 


I. 1909 kev level II. 2637 kev level 
86.5 (2+) + 1820 = 1906.5 kev Ground state (0+) + 2638 = 2638 kev 
966.5 (2+) + 943 = 1909.5 " 86.5 (2+) + 2550 = 2636.5 Z 
1049 (3+) + 858.3 = 1907.3 " 966.5 (2+) + 1671 = 2637.5 ‘ 
1156 (4+) + 754.7 = 1910.7 " 1200 (1-) + 1433 = 2633 Hs 
1200 (1-) + 708.6 = 1908.6 " 1264 (3-) + 1375 = 2639 
Average 1908.5 kev Average 2637 kev =e 
Most probable assignments: 2- or 3- Most probable assignments: 1- or 
- 2768 kev level IV. 2830 kev level 
es + 2675 = 2761.5 kev 966.5 (2+) + 1864 = mee kev 
966.5 (2+) + 1807 = 2773.5 " 1049 (3+) + 1784 = nib . 
1049 (3+) + 1719 = 2768 ‘ 1565 (3-) + 1264 = aoe ; 
1721 (3) + 1048 = 2769 sf 1696 asthe 1133 = tt “ 
; age 2768 kev Lgietd 
Most “geared assignments; 2- or 3- Most probable assignment: 3 
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72,3605 


112 


ott aa 
Fig.4. Decay scheme for Hol60 and Tb160 based on the data of the present investi- 
gation and Ref.4. 


The observed 2550 kev transition could be interpreted as departing from a 
level at 2833 kev; 283 (4+) + 2550 = 2833 kev; however, this transition was locat- 
ed earlier between thé 2637 and 86.5 kev levels. 
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. Vv. 2900 kev level VI. 2922 kev level 

(44+) + 2619 = 2902 kev 966.5 (2+) + 1959 = 2925.5 kev 
966.5 (2+) + 1927 = 2893.5 kev 1049 (3+) + 1872 = 2921 ie 
1049 (3+) + 1853 = 2902 ? 1156 (44) + 1771 = 2927 4 
1565 Bey + 1338 = aa m2 1565 (3.4) + 1350= 2915 " 
verage O kev Average 2922 k 
Most probable assignment: 3- Fagi: 


Most probable assignment: 3- 


It is possible that the 2638 kev transition, which was inserted between the 
2637 kev level and the ground state, actually occurs between the 2922 and 283 kev 
(4+) levels. 

It is also not impossible that the 1719 kev transition may feed the 1200 kev 
level: 1200 (1-) + 1719 = 2919 kev. It is more probable, however, that the 1719 
kev transition extends between the 2768 and 1049 kev levels as indicated in the 
diagram. Thus, of the 74 transitions observed in our experiments we have succeed- 
ed in ranging 57 in the proposed scheme; 17 transitions remain unallocated. 

If levels are introduced on the basis of 2-3 transitions from them to lower 
lying levels, one can insert almost all the observed y-transitions. Such an ap- 
proach could yield reliable results only if the energies of the transitions were 
known to one more decimal place. 


5. Tentative Intensity Balance in Hol60 


We drew up a balance of intensities for the transitions arriving at and de- 
parting from the various levels shown in the proposed Hol60 decay scheme (Fig. 4) 
on the basis of the relative intensities of the conversion lines. In each case 
the total transition probability was determined taking into account the conversion 
coefficient for radiation of the multipole order that follows from the data on K/L 
from the decay scheme (Fig.4) or from the data on the decay of Tbl60 (Ref. 4). 


“ Table 3 
3 Tentative intensity balance in the decay of Hol60 
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For mixed Ml + E2 transitions we assumed that the fraction of each type of 
radiation was 0.5. We took the high energy transitions, the multipolarities of 
which had not been determined, to be El. Further, we assumed that the 17 low in- 
tensity, high energy y-transitions, which were not fitted into the decay scheme, 
occur between high-lying levels with spins 1-, 2- and 3- and levels of the first 
rotational band with 0+, 2+ and 4+. The probable contribution of these transi- 
tions to the intensity balance was taken into account in accord with their statis- 
tical weight as evaluated on the basis of the spin values. Taking the sum of the 
intensities of the transitions to the ground state of Dy160 as 100%, we arrived 
at the results listed in Table 3. Undoubtedly, the balance calculations involve 
a considerable uncertainty stemming, on the one hand, from experimental errors in 
determining the conversion line intensities, and, on the other hand, from possible 
mistakes in inserting a number of transitions into the diagram and some degree of 
arbitrariness in making the multipole order assignments. Despite this, as will 
be evident from Table 3, there are no glaring conflicts in the intensity balance. 

We desire to express our sincere thanks to the personnel of the Joint Insti- 
tute for Nuclear Research for bombarding the tantalum target, the staff of the 
"A,N.Murin"” Laboratory headed by B.K, Preobrazhenskii for skillful preparation of 
the sources, and K.Ya.Gromov for assistance in organizing the work connected with 
preparation of the sources. 
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"A.A, Zhdanov"’ Leningrad State University 
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ON CALCULATION OF THE REDUCED LIFETIME OF NUCLEI FOR UNIQUE BETA~TRANSIT IONS 
~- L.N. Zyryanova 


The probability per unit time for B-deca 
y of a nucleus in the usual t 
of theory is given by the familiar expression ba bh 
E, 


—— g ints WO 1 ’ 7 7 
h= oe \ F(E,Z) Ep (E,— EY Cn (E,Eq, Z) dE, 


il 
where C, is the correction factor for an n times forbidden B-spectrun. 
In the case of allowed B-transitions, knowing the Fermi integral 
E, 
jo = \ F (E,2) Ep (Ey— EB) dE 

1 
we can calculate the reduced lifetime /,t of the nucleus, which yields information 
on the change in state of the nucleus incident to the B-transition. 

In view of the ambiguity of the expression for C,, in the case of forbidden 
B-transitions (the ambiguity is connected with the fact that the precise value of 
the nuclear matrix elements is not known), in calculating the product /t for for- 
bidden transitions, use is commonly made of the integral for allowed transitions, 
J), instead of 


Ey 
a \ F (E,.Z) Ep(E,— E)?CndF 
1 


The case of unique B-transitions, which is distinguished by the fact that the theo- 
retical expression is unambiguous, allows of including the energy dependence of 
the correction factor €, in the expression for s rear Here the values of fn t found 
for the B-transitions give more direct information on the nuclear matrix elements 
than the values of /o. 

In the present work we obtained numerical values of the Fermi integral Yat 
for first and second forbidden 6-transitions. 
- The correction factor for first forbidden transitions with AI = 2 is given 
byl 

0, = (dete + $1) BIBur 
1 


where K = £,—E is the neutrino energy and L, and L, are combinations of the B- 
particle wave functions. 
For finding the numerical values of the integral 
E 


Ae ’ 4 3 ‘ 
{n= \ F(E; Z)Ep(£o— 2) (as K*Ly += Ly) dE 
1 
we used the values of the functions F(E, Z), Ly and Ly (Ref.2), calculated taking 
into account the Coulomb field, screening and finite nuclear size. 


The values of = 
y Cp=h / to 


for B7-- and pt-spectra are listed in Tables 1 and 2. The numerical values of fo 


were taken from the Tables of Ref.2. 
Having the precise values of <C,> , we can evaluate the approximate expressions 


for this quantity given in the literature3-9. 
For example, the approximation 
<Cy> =~ "4 (ES in 1) 


15 satisfactorily renders the character of the transition 


by Perlman et a 
given by P <C}>) but yields numerical values which may differ from the 


energy dependence of 


“7 


RE, 
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Table 1 
Values of <Cp)=f:"/7, for first forbidden electron emission 
ee En 


E,, kev 
2 Se ee 
Zz 
400 200 500 4000 2000 4000 
10 0,0118 0,0289 | 0,1055 0,314 4,025 3,97 
20 0,0129 0,0291 0,1045 0,302 4,005 3 do 
30 0,0141 0,0294 | 0,1024 0,294 0,988 3,03 
40 0,0152 0,0298 | 0,0983 0,288 0,971 3,01 
50 0,0164 0,0302 | 0,0953 0,284 0,958 3,04 
60 0,0176 0,0306 | 0,0940 0,280 0,949 3,00 
70 00188 0.0312 | 0,0933 | 0,277 | 0,939 3,50 
80 0,0199 0,0318 | 0,0934 0,274 0,933 SL 
90 0,0209 0,0325 | 0,0930 0,271 0,928 BE! 
98 0,0216 0,0332 © 0,0931 | 0,268 0,923 3,01 
Table 2 
Values of Cp=fi vf, for first forbidden positron emission 
eee 
Ey, kev 
7 rte! tebe a! -8on la 20 Vee ee eee eee 
100 200 500 1000 2000 4000 
10 0,0147 00385 0,113 0,321 4,047 3,61 
20 0,0169 00402 0,115 0,325 4,008 3,57 
30 0 ,0194 0 ,0428 0,116 0,326 0,993 3,52 
40 00224 00436 0,116 | 0,326 0,975 3,49 
50 00262 00440 0,114 0,323 0,953 3,43 
60 0 ,0298 0 ,0438 0,111 0,315 0,928 3,39 
70 0,0319 00432 0,107 0,303 0,898 3,21 
80 0 ,0327 0, 0416 0,103 0,288 0,864 3,05 
90 0,0315 00381 0,0945 0,264 0,817 2,86 
98 00290 00325 00860 0:239) =} OSTT4 fey i 


data of Tables 1 & 2 by up to 25% for large EF, and up to 50% for low end-point 
energies. 
. The correction factor for second forbidden transitions with AI = 3 is given 
by 
yr ; 
Cy = ty (fe Kilo + 2K*Ly + 1514) 5" | Bin. 
ijk 
Numerical integration of the expression 
E, 
jm=\ F(E, 2) Ep (Eo — BE) (qq K*Lo + 2K*L, + 15L,) dE 

at 

was carried out using the tabular values given in Ref.2. 


Table 3 
Values of <€2»=f:"/fo for second forbidden electron emission 
E,, kev 
Z 
400 500 1000 2000 | 4000 
10 2,64-10-5 1,93-10-3 0,0166 0,182 
20 276-10-5 1,90-10-3 0'0158 0.168 5°00 
30 2'92.40-8 1/87-10-3 0.0152 0.160 1°95 
40 3,12-10-5 1,83-10-8 0,0147 0.154 1/94 
50 3,36-10-5 1,79-10-3 0,0142 0,150 1/94 
60 3.66-10-5 1,74-10-8 0.0138 0,148 1/92 
70 406-1078 1,70-10-8 0,0134 0,146 4°94 
80 462-105 1,64-10-3 00128 0,145 1:97 
90 5,60- 40-8 1,59-10-8 00123 01144 2°03 
98 | 8.75-10-5 1,55-10-3 0;0119 0,143 2,07 
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Table 4 
un| been gtanteepgmeog apa 
Values of <C2=f")fo for second forbidden positron emission 
—$—$—$—————— er econ positron emission 
Ey, keV 
Z 
100 500 | 4000 | 2000 | 4000 
10 3,83-40-5 2,11-10-8 0,0170 0 
, 172 
20 5 ,40-40-8 2,23-10-3 0.0180 0.474 205 
30 6,21-10-5 2'30-10-8 00184 0.169 2/00 
40 6,66-10-5 234-103 00179 0,164 1/95 
50 7,01-40-5 2,33-10-3 0.0174 0.155 1,87 
60 7.14-10-5 2/28. 10-8 00163 0148 1,79 
70 7,23-10-5 2.20. 10-8 0.0154 0.134 1,70 
80 7,28-10-5 2.03-10-3 0.0135 0,120 1,64 
90 7,30-10-5 1,84-10-3 00420 0104 1,54 
98 7,32-410-5 1,63-10-3 00106 0.0898 1,42, 


The values of <C,> for B-- and Bt-spectra are listed in Tables 3 & 4. This 
correction factor is characterized by an even stronger energy dependence than the 
factor in the case of first forbidden B-transitions. 


The probability for decay of a nucleus by K glectron capture may be repre- 


sented by the same formulas as the DL lpia aieichd for B-decay if for first forbidden 
captures we write 


(=U ede: 


and for second forbidden 


(Shia eae 


here 7, is the energy of the neutrino emitted in K capture, and (fx)o = > 9G 


is the value of the function /x for allowed capture (Gx is the K electron wave 
function). The numerical values of (fx)) are listed in Ref.6. 


un un 
" The numerical values for the ratios ae and for a number of 6-transi- 
tions are listed in Tables 5 & 6. Keg : 
Table 5 
Values of (fx)) /(fx)o for first forbidden K capture 
Z 
A Mg, ™,c? 
20 40 60 | 80 98 
Me ee | ee eee tet es eee 
0,02 4 ,220-10-5 
0:40 7,078-10-4 3,497-10-4 4 ,808-10-8 
0:30 7.110-10-3 5 342.-10-8 3/842.-10-8 
0:50 002018 001800 0,01433 3,484-10-3|  4,658-10-8 
4,00 0.08202 0107757 006973 0.05843 0/04519 
4/50 0.1855 0) 1788 0.1668 01490 0/1274 
2,00 0.3307 0/3217 0.3055 02813 0/2513 
3,00 0.7464 07325 0.7080 0,6709 06240 
5,00 2.077 2054 2°013 1,950 1°369 
8,00 5,323 5,286 5,220 5.149 i, 988 


. 


The correction factors listed in Tables 1-6 should be used in calculating 
the product /i for unique transitions as follows 


(fnt)un = (fot) allowed’ *<Cn). 
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Table 6 
Values of (f,)0/(fx)) for second forbidden K capture 


AMg, mc? 


20 40 60 80 98 
a ee eee 
0,02 1,983-10-12 
0:40 6,661 -10-8 1,630-10-8 4360-10-11 
0,30 6,740-40-8 4'551-10-8 1°968-10-6 | 3,296-10-7| 1,629-10-9 
0,50 5429-10-58 4324 -10-5 2739-40-85 | 4,199-10-5] 2,893-10-8 
1,00 8969-10-4 8,022. 10-4 6.483-40-4 | 4,553-40-4] 2,724-10-4 
4,50 4589-10-38 4, 262-10-8 3'708-10-8 | 2,961-10-3| 2,164-10-8 
2,00 001458 0.01380 0,01244 0.01055 8,418-10-8 
3,00 0.07424 0.07154 006683 0.06004 0,05192 
5,00 0;5750 0,5625 0.5403 0, 5069 0,4660 
8,00 3,778 3,725 3,633 3,493 3,317 


It is evident from the systematics of B-transitions that taking the factor 
<Cn> into account appreciably reduces the scatter in the /i values for known 
unique transitions. The influence of the factor is particularly great in the 
case of transitions with very low or high end-point energy. Table 7 lists some 
examples of such transitions’. The log fot values for these transitions lie out- 
side the 7.5 to 9.5 range characteristic of most unique transitions. As compared 
to log ft , the log ft values are much more closely grouped about the average 


value. 


Table 7 
Log fot and log fYt values for some unique B-transitions 


> » > ~ 

Transitions “ = qi. Transitions “ m= 5. 
d | » & f [se] os 

N16 (B-) O18 §=| 10400] 6,3 | 7,7 Se (B-) Br | 160/10,8| 9,4 
S37 (8-) Cls? 4300 | 7.0 | 7,6 Zr®8 (B-) Nbo 34| 10:7] 88 
Catt (c) Kél 440| 10/6 | 9.4 T124 (c) Hg? | 376] 10.1] 8°5 
T1204 (8-) Pb%| 765| 9:7] 9/0 


I desire to express my sincere gratitude to B.S.Dzhelepov for his interest 
in the work and to F.I.Langelen for assistance in carrying out the calculations. 


Scientific Research Physical Institute, 
"A, A, Zhdanov'' Leningrad State University 
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CONTRIBUTION TO THE THEORY OF FOCUSING CRYSTAL SPECTROMETERS 
(CHOICE OF THE REFLECTING PLANES) 


- O, I. Sumbaev 


In selecting the system of reflectin | 
g planes of the crystal wafer utilized 
in a focusing crystal spectrometer, the designer is usually guided by the magni- 
tude of the interplanar spacing d and the structure factor /. The interplanar 
Spacing determines the dispersion of the instrument: 


dé 1 


iN Te ReRsosey © 


where ? is the Bragg angle, and \ is the wavelength of the investigated radiation. 
The reflection intensity (area under the line contour) depends on the integral 


reflection coefficient Rs. For a perfect thick crystal Ry is given by the famili- 
ar relation 


Ro, & prod (F /V)2, (1) 


where / is a factor depending on the polarization (for small 9% close to 1), V is 
the volume of a unit cell of the crystal, and . 

e2 
~ mee’ 

Lind, West & DuMond! and later Sumbaev2 investigated the \-dependence of /ts 
for a quartz crystal bent to a cylinder in a Cauchois type focusing spectrometer. 
This dependence proved to be quadratic and characteristic for a mosaic crystal 
with small primary extinction. For such a crystal the integral reflection coef- 
ficient is given by 


a) 


ees 
Rory ~ prrad (+) pee (2) 


ere J is the thickness of the crystal. An identical expression was obtained 
theoretically by Sumbaev2 for a perfect thick crystal bent to a cylinder, taking 
into account distortion of the reflecting planes. 
The expression for the surface of the bent reflecting planes which prior to 
bending were perpendicular to the axis of the wafer (Fig.1) can, with some ap- 
proximation be written 


zZ =i (3) 
where 


and the ai; are elastic coefficients. 
A P For an anisotropic wafer, in particular, for 


a wafer of Q-quartz, the factor / is in general not 
zero. Its magnitude can be such that the thickness 
Ay of a coherently scattering lamina (the crystal 
wafer is subdivided into such laminae in thickness 
as a result of bending) proves to be smaller than 
the primary extinction distance tx.2 Under these 
conditions Rs is given by relation (2). 

The elastic constants depend on the orienta- 
tion of the wafer relative to the crystallographic 


| ip 
Fig.1. Curved crystal wafer. 
ie P - reflecting planes. 
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axes. For some particular orientations f may be 
equal to or at any rate close to zero. In this 
case the normal cross sections remain planar and 
are only rotated to form a fan-like arrangement, 
while the coefficient Ry obeys the relation (1).1 
Let us consider a system of plates cut from 
a cube, the two opposite faces of which coincide 
with the 2k/ planes (Fig.2). All these plates 
have identically oriented reflecting planes (hkl). 
Consequently, the values of d and F will also be 
the same. Transforming the elastic constants in 
Eq. (3) according to the conventional rules for the 
transformation of the components of a tensor inci- 
Fig.2. Family of plates with dent to rotation about one axis (z), we obtain the 
identical reflecting planes variation of the factor { with the angle of rota- 
hkl but different values of tion 9: 


the factor 
/ pene ce oP (434455 — 435445) COS + (45434 — 444435) SID P 
reared loa P (dgsaaq— a2, )sin® @ + (45433 — @sa@gs) Sin 29 + (43455 — 435) COS* 9 “ 


where the di; are the elastic constants for the orientation of the 
plate taken as the initial position (i.e., that from which m is reckoned). We 
find that f for given d and F is in general a variable quantity. The values of 
/(¢) for some planes of @-quartz (the ones most convenient for use in x- and 7- 
ray spectrometers) are given in the accompanying table and Fig.3. 


Parameters of the planes of aQ-quartz most convenient for use in spectrometers 
(for p= 200 cm) 


Index | d, X | F | ire fOr cH fe t0em7t 
1010 4246,09 | 45,6 |. f,=0; — . fj =8.3 4,5 
1120 2451 , 40 17,5 R=0 i 
1340 1177 ,64 26,9 | fo=1,8; feo——6,2 4.0 
2243 1012,75 15,6 | fo =—12; foo=6,4 0,3 
5052 810,00 24,7 |f***=0;  foo=—12 0,5 


*Plates cut so that the optical axis of the crystal lies in the 
plane of the large face and parallel to the side edge. **The subscript 
to f indicates the angle of rotation from the initial position about 
the longitudinal axis of the plate. ***Plate prepared from a Y-cut 
crystal by 55°48' clockwise rotation about the Y axis. ****Plate pre- 
ati sane an X-cut crystal by 72°30' counterclockwise rotation about 

e X axis. 


Let us determine the values of / above which one should e 
xpect a quadratic 
X—dependence of fix. We assume that Ay=1(,. Performing the subse ateeeed 


d 
Ay =) (Ref. 2) 


and 
ty = [270 (+) pd tan a ~ [0 (+) pry . (Ref. 3) 
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oe we obtain after suitable transformations 


il Ry 
hir= a (—e). 

The numerical values of /;,, (for E = 100 kev 
(\ = 120 mA) and p - 200 ecm) are listed in 
the last column of the table. Comparing the 
values of / and /,,, we see that in a large 
range of rotation angles @ (for E > 100 kev) 
for all the plates in question (except the 
plate with 1120 reflecting planes) one may 
expect quadratic variation of Ry with i. 
For all these plates, however, there is a 
range of m in which aoe Ber and the \-depend- 
ence of AR, becomes linear. 

After publication of the work of Lind, 
West & DuMond! in which there was experi- 


=\ 
Ww 
oD 


rat 
LkS 
a 
wy 
KX 


270° mentally established the quadratic charac- 
ter of the )\-dependence of Ry for bent 
Fig.3. Variation of the factor / quartz plates with perpendicularly oriented 
characterizing the distortion of 1340 planes, there was a tendency in evalu- 
the reflecting planes with the ating the spectral sensitivity of y-spectro- 
angle @ of rotation of the crystal meters to assume a quadratic dependence of 
plate about the z axis. Ry on X even for plates with other reflect- 


ing planes. 3 Yet it follows from the above 
that this assumption may be erroneous even for plates with the indicated reflect- 
ing planes normal to the wafer surface, if the rotations of the plates about the 
z axis (Fig.2) are different. Bending of the reflecting planes has a substantial 
effect on the other properties of the instrument as well, in particular, on the 
line shape and width.4 Hence this dependence must be taken into account in con- 

Sidering all the parameters. 

In conclusion, we must emphasize that the above analysis was carried out for 
plates perpendicular to the longitudinal axis of a plane-parallel wafer. Planes, 
the orientations of which deviate from the perpendicular to the longitudinal axis, 
will be somewhat bent owing to projection of the curvature of the plate, and this 
bending may play the same role as the above described effect connected with aniso- 
tropy®. For cross sections deviating from the perpendicular, the factor / may be 
written in the form /=/,+%/p, where /, is the factor for normal planes as given 
by Eq.(3), while the term «/p takes into account the bending connected with devi- 
ation by the small angle a from the normal. 
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ANGULAR CORRELATION OF THE GAMMA-RAYS FROM Ne21 
- A.G.Khabakhpashev & E,M,.Tsenter 


We investigated the y-y angular correlation in neon-21 using a Po-0 neutron 
source. The source was a solution of Po210 nitrate in water enriched to 24% in 
018, the 018(q,n)Ne21 reaction in such a source is accompanied by the emission 
of y-rays with energies 0.35 and 1.38 Mev. The 0.35 Mev y-rays are associated 
with the first excited level of Ne2l and their intensity with respect to the neu- 
tron yield is 45%. The 1.38 Mev y-rays are associated with the transition from 
the second excited level to the first; their intensity is 10%. The upper bound 
of the intensity of the cross-over transition from the second excited level to 
the ground level is 1%. The upper bound of the transitions departing from the 
third level at 2.84 Mev is 4%. These data on the y-radiation from a Po-O source 
were obtained by means of a scintillation spectrometer and a n-7 coincidence 
circuit. 

For measuring the angular correlation we used a fast-slow coincidence cir- 
cuit (see accompanying figure) incorporating scintillation counters with 40 x 40 
Nal crystals. The pulse selector in the second channel was set on the photopeak 
of the 1.38 Mev line. The first channel was adjusted to detect 0.35 Mev y-rays. 
The number of coincidences for different angles between the source-to-counter 
directions was determined from the area of the 0.35 Mev line peak, which was 
measured by means of a 50 channel pulse analyzer. 

Block diagram of the equipment for measuring angular 
correlation: 1 & 1') FEU-IV photomultipliers, 2 & 2") 
preamplifiers, 3) delay line, 4 & 4") linear amplifiers, 
5) gating circuit, 6) 50 channel pulse analyzer, 7) 
selector, 8) PS-10 000, 9 & 9') 200 Mc amplifier, 10 & 
10') pulse shapers, 11) coincidence circuit (t = 1078 
sec), 12) amplifier, 13) discriminator, 14) delay stage, 
15) coincidence circuit (t = 1076 sec). 


This experimental arrangement with a lead shield 
about the stationary counter virtually excluded detection 
by one crystal of photons scattered in the other. More- 
over, the fast-slow coincidence circuit reduced the rela- 
tive number of chance coincidences to 0.3%. Possible 
counting instability in the second channel was excluded 
by normalizing the coincidence counting rate with respect 
to the counting rate at the selector output. Instabili- 
ty in the operation of the first channel could lead only 
to displacement of the 0.35 Mev line peak but not to change in the area under the 
peak and, consequently, could have no effect on the measurement results. 

The source, which had an intensity of 105 neutrons per sec, was mounted on 
the axis of rotation of the second counter at a distance of 62 mm from each crys- 
tal. Measurements were carried out at angles of 90, 120, 150 and 180°. The ex- 
capi ae results were processed by the method of least squares. Appropriate 
corrections were made for finite an arr 
the finite dimensions of the micteoan Ce OE eae ee ee 

Finite angular resolution of the detectors, like scattering in the source 
leads to "smearing out" of the angular correlation; it is convenient to catoulsee 
the corrections for ‘these two effects together. If scintillation counters with 
good energy resolution are employed and there are detected only the pulses cor- 
responding to complete absorption of the y-rays in the crystal, scattered photons 


- 875 ~ 


will be detected only when the scattering angle is less than p. 
of ) depends on the width of the analyzer gate and the energy 
| Let the correlation be described by 


Ry 
WwW = 1 -- >, AspPor (cos a). 


a | 
We shall use n, to denote the ratio of the number of gammas with energy E, 


emerging from the source without scattering to the total number of gammas that 
can be detected by the first counter. 


Then the fraction of gammas emerging from 
the source and scattered through angles smaller than d, will be 1—n,. We shall 
use the same notation with the subscript 2 for the gammas with energy Eg. Then 


The magnitude 
of the y-rays. 


for the experimental correlation function we can write 
W (9) = nun, \ W (9) dQydQge, (ty) & (0t9) -b 


+ ma (1 — my) | Wi(9) 42,25, (2441) ef (2a) +} 
ny (1 na) JW (9) 42,4464 (04) Pa (02) © + 


ap kee Cire ns) \W (9’) dQ,dQ,p, (213) £12 (ae¢be) £9, q) 
where } is the angle between the axes of the cylindrical crystals, 9’ is the angle 
between the directions of the gammas, d2, is the solid angle element for the first 
gamma, &,(%,) is the efficiency of the first counter for detecting the first gamma, 
% is the angle between the axis of the crystal and the direction of motion of 
the first gamma, ?.(%,¢,) is the probability that the first gamma emerging at the 
angle , will, after scattering through an angle <h, enter the first counter, 
and «; is the mean efficiency for detecting the scattered gamma by the first count- 
er. The corresponding symbols with the subscript 2 pertain to the second gamma. 

The first term in Eq.(1) represents the unscattered part of the radiation 

and takes into account the finite angular resolution of the detectors. The second 
term represents the part of the radiation in which the first gammas are scattered 
_through angles smaller than d,; the third term corresponds to the same scattering 
of the second gammas, and the fourth term to scattering of both the first and 
second gammas simultaneously. Inasmuch as the terms describing the scattering 

are small compared with the first term, and the angles 4, and ¢, are not large, 

for calculating these terms we can assume that for «;> 4%; , the probability pi = 

= 0, while for #<4i, 


’ 
Yi ; 


pi = \ do, | \ a 
: r, 0 0 
where i= 2rc tan’ E> ri is the radius of the crystal, “i is the distance from 
the source to the crystal, and h; is the height (thickness) of the crystal. Fur- 
ther, we assume that the efficiency for detecting scattered gammas does not depend 
on the angles « and ». Under these assumptions, Eq-(1) can readily be reduced tol 
Rm 
W (%) const = 1 + S\ (Bor / By) AarPox (608 9). (2) 
1 
Here we have employed the following notation: 


By, = Nol sn] dn + nz (1 — nj) Ianlon + my (1 — ng) Tandon + 
(1 — ne) (t tg) Fa (k=0, 1...Km); (3) 
Yi 
ce an | Po, (cos x) e; (a) sinada (i = 1, 2); 
, (4) 


ine 


ces 


Pan 
7 
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i 
A = anpe' | P.n (cos a) sin a da; (5) 


0 
i; = arc tan Tey Fa. (6) 


The value of the integral (4) must be determined numerically. For separate 
determination of the influence of scattering on the weakening of the measured 
anisotropy one must compare the total attenuation coefficient By/B, with the at- 
tenuation produced by the angular resolution of the detectors: 


ipa ewa RR 


We calculated the corrections for angular resolution and scattering by means 
of Eq.(3). For a function of the form 1 + a,cos*}, the correction for angular reso- 
lution amounts to 11%, while the correction for scattering in the source equals 
3%. The calculations were carried out for a source with a volume of 2.3 cm3, en- 
closed in a steel container with 3 mm thick walls. 

The correction for finite size of the source was determined by Walter's for- 
mula given in Ref.2. This formula allows of taking into account only the linear 
dimensions of the source in the direction of the axis of rotation of the second 
counter. For a source having a "length’’ of 20 mm the correction equals 1%. With 
these corrections taken into account, the correlation function has the form 


W =1-+ (0,20 + 0,02) cos? 9. (7) 


This result is in agreement with the theoretical correlation function for a 
dipole-dipole transitions of the 3/2-»5/2—»3/2 type. For such a transition 4, = 
= 0.226. 

It is known from the work of Koch & Rasmussen3 and Hubbs & Grosof4 that the 
nuclear spin of Ne21 is 3/2. Middleton & Tai, on the basis of investigation of 
the angular distribution of protons from the Ne20(d,p)Ne21 reaction and compari- 
son of the cross sections for the formation of Ne2l in the ground and first ex- 
cited states came to the conclusion that the spins of these states are 3/2 and 
5/2, respectively. These data are in agreement with the results of our measure- 
ments. For the second excited level, Middleton & Tai give alternate assignments 
of 1/2 or 3/2. 

If we accept that one of the transitions in the cascade is a mixture of Ml + 
+ E2, it follows from the results of angular correlation measurements that for 
the 1/2-»5/2—93/2 transition the admixture of E2 should be 9%, for the 5/2—»5/2—> 
—3/2 transition - 11% and for the 7/2—-5/2—»3/2 transition - 2%. 

To determine the possible influence of interaction of the magnetic moment of 
the nucleus in the compound state with the electron shell of the atom and with 
other atoms on the results of the angular correlation measurements, we carried 
out a determination of the lifetime of the first excited level of Ne21, and ob- 
tained tT = (1.0 + 1.1)-107-10 sec. Here the uncertainty is the root mean square 
deviation obtained in processing nine series of measurements. 


Moscow Engineering-Physical Institute 
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SPECIFIC STOPPING LOSSES IN HEAVY IONS IN DIFFERENT SUBSTANCES 
- A.P.Grinberg & I. Kh.Lemberg 


| Through investigation of Coulomb excitation one can, in a number of cases, 
(particularly, for even-even nuclei) reliably determine the lifetime t of excited 
Beles uerels in the range from 10-12 sec down. In experiments with protons and 
ae saenne case of higher excitation energies (AE ~1 Mev), owing to an 
g y-background from nuclear reactions, one can in practice investigate 
only nuclei with A > 50. The use of heavier particles, namely, ions, allows of 
extending the lifetime measurements into the range of nuclei with A < 50.1 

As a rule thick targets are used in Coulomb excitation experiments. Hence 
for calculating the values of T one must have available precise data on the speci- 
fic energy loss, ¢ = dE/dR, involved in the slowing down of C, N and other suitable 
ions in different substances as a function of the ion energy. The available ex- 
perimental material on energy losses is extremely scanty; moreover, some of the 
reported data are of doubtful accuracy. The paucity of data is particularly acute 
for the ion energy range of interest to us, namely, 10 to 36 Mev, and for cases 
of absorption in materials other than nuclear emulsions and gaseous media. In 
fact one can name only two investigations in which the range-energy relation for 
heavy ions in metals was measured: Reynolds, Scott & Zucker2 measured the range 
of N14 ions in nickel; Webb, Reynolds & Zucker? determined the range of nickel 
ions in aluminum. The maximum ion energy in the work referred to was 28 Mev. 

In investigations of Coulomb excitation of nuclei by heavy ions carried out 
in the cyclotron laboratory of the Physical-Technical Institute, by way of tar- 
gets we used a large number of different metals and other solids, by way of bom- 
barding particles not only N14 ions with energies to ~36 Mev, but also C12, 016, 
Ne“? and Ne22 ions. Hence it was necessary to choose some consistent theoretical 
or semi-empirical method of calculating «. Below we list three known methods for 
such calculation and briefly describe their distinctive features. 

1. Longchamp's method. Using the results of a number of theoretical inves- 
tigations, in which the average charge of the ion as a function of its velocity 

“was calculated by means of the statistical Thomas-Fermi atomic model, Longchamp4 
calculated the ratio k = R/R, for Li7, Be?, B19, cl2, nl4 and 016 ions as a func- 
tion of their velocity % (here R is the range of the given ion having the initial 
velocity v;, and R, is the range of an Q-particle with the same initial velocity 
in the same substance). It is assumed that ‘4 for a given ion is the same for 
slowing down in different solid media. 

Thus the data on /(vi) (which for practical calculations it is convenient to 
represent in the form of a smooth curve) given by Longchamp allow of plotting a 
range-energy curve for any of the enumerated ions in any solid medium if one knows 

the range-energy curve for Q-particles in this medium. * 

Then from the R(E) curve one can find AE/AR=/(£) and from these data plot 


the curve for /{ (£). 
2. Proton method. This method is based on the familiar Bethe-Bloch equation 


~ 


N 
e = SE =aZi Zz B(Y, Zs Zs), (1) 
where @ is a numerical constant, Z, and Zg are the charges of the slowed down 
particle and of the nucleus of the absorber atoms (expressed in elementary char- 
ges), v is the velocity of the particle at the point of its range under consider- 
ation, N is the number of atoms per cm? of the absorber, and B is the atomic 


stopping power" of the material.** 


*Detail data 
by Waling.® ; *k (See bottom of next page.) 
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In the case of singly charge particles (protons or deutrons) with an energy 
21 Mev, one can assume that virtually over the entire range of the particle in 
the absorber its charge remains the same (i.e., unity) and that the value of B 
for a given medium and a given velocity will be the same for protons and deuterons. 

In the case of slowing down of multiply charged ions, the charge Z, of each 
ion changes discretely owing to loss or capture of orbital electrons in collisions 
with the atoms of the medium. For each velocity ” there will be a certain mean 
charge Z, i.e., the average value for a multitude of particles. This mean ionic 
charge gradually decreases with decrease in the velocity of the ion as it moves 
through the medium. Obviously, also in the case of slowing down of multiply 
charged ions, Z] will depend not only on the ion velocity in the medium but also 
on the nuclear charge (Zj,) of the given ion. 

One can attempt to apply Eq.(1) to the case of slowing down of multiply 
charged ions making the following assumptions; a) that instead of Z, one can to 
the first approximation use the mean value Z.and, b) that the magnitude of Z for 
an ion of a given kind depends only on the velocity of the ion at the given point 
in its range and does not depend on the medium in which it is stopped. We are 
speaking here only of different solid media; in this case numerous measurements 
of Z = f(v) substantiate the validity of assumption p.6,7 

Under the above assumptions, considering the slowing down of a multiply 
charged ion in two different media I and II and the slowing down of a proton with 
the same initial velocity in the same two media, one can on the basis of Eq. (1) 
deduce the following relationships 


tf 
a — i = XI], II (v). (2) 
&F D 
Thus we obtain : or 
a pha (3) 


Equation (3) is the working formula of the "proton method" for calculating 
the specific energy loss of multiply charged ions. For practical evaluation pur- 
poses one should plot the ~;,1:(£) curve in the particle velocity range of interest; 
data on e{E5) for a large number of metals and other substances can be found in 
the literature, for example, in Waling's survey.° 

As will be evident from (3), the "proton method” allows of calculating the 
specific energy loss ¢(E) for a given multiply charged ion in medium II if one 
knows the specific energy loss for the same ion in medium I as a function of its 
energy. 

3. Average ion charge method. If we assume that for multiply charged ions 
B in Eq.(1) is only weakly dependent on Z}, then in the first approximation we 
can neglect this dependence. In this case and, in addition, retaining assumption 


LEA Nf 


a above, from the Bethe-Bloch formula (1) we obtain 


7 2 
ev7 aa 2 c 
ee Zea) e 
This relation pertains to stopping in the same medium of two different multi- 


ply charged ions (il and i2) having the same velocity. From Eq.(4) we obtain the 
working formula of the average ion charge method, namely, 


** (from preceding page) We shall not dwell here on the 

restrictions that ma 
limit the applicability of the Bethe-Bloch equation or on the questionable pps 
of some of the assumptions made in its derivation. 
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iN 
eae il 
sola ul zi : (5) 
mi i] 
Thus to find unknown values of ¢:.(E 
e:1() on the basis of the kn 
-*o(£), we must have data on the average cs Seek ad fo 


By way of the "i2" particles, one can, in particular, consider protons or 

| Bearscleas For ~0.5 Mev protons one can take Z = 1; for a-particles Z = 2 for 
v>12+10° cm/sec (Eq > 3 Mev), while for lower velocities the variation of Z as 
pe eneiion of esigcity is given by Allison’. However, data on the values of &.(v) 
bee pane ce eine ng media are far more scanty and less reliable than data on 
2 If by way of the "i2" particles we consider protons, then for calculating 
Sil by means of Eq.(5) we need only have experimental data on the variation of 
Zi2 as a function of v. So far, however, such data are not available as a rule. 
According to the suggestion of Papineau? this difficulty can be overcome as fol- 
lows. _From Ley PIES the experimental data it follows that the curve character- 
izing Z/Zin = f (/Z,, and plotted on the basis of the experimental data on Z(v) 
for Ni4 ions in nickel2 is universal in the sense that to within a certain accur- 
acy it is applicable to any Stopping medium and to any multiply charged ion (with 
Zin< 10). Measurements of Z(v) in the work of Reynolds et al2 were carried out 
only in the ion energy range to 28 Mev. At 28 Mev the value of Z/Zin does not yet 
attain unity. Hence one must extrapolate the "universal curve" into the Z/Z1n 
~+0.9-1 region. Papineau9 gives such an extrapolated curve in his published re- 
port. Later he made the upper part of the curve steeper in order to obtain more 
Satisfactory agreement between the experimentally measured ranges of different 
ions in different media and the ranges calculated by means of the "universal 
curve" (this later variant of the curve has not been published but Papineau sent 
copies of it to a number of laboratories including ours). 

- As will be evident from the above, it may be assumed that the third calculat- 
ing method, in contrast to the second, allows of obtaining only rough evaluations 
of <(£), inasmuch as Eq.(5) is based on the assumption that B is independent of 
Z,, Which is not borne out by experiment, and since one must use a curve the 

“universality of which is only approximate. 

Naturally, it is of interest to know the limits of error with which one can 
calculate the values of <«(/) for different multiply charged ions. The best way 
of evaluating this error would be direct comparison with reliable experimental 
data. Unfortunately, even reasonably accurate experimental data are lacking and 
we must restrict ourselves to comparison of calculated values obtained in differ- 
ent ways; in addition, we can make some comparisons with the most nearly suitable 
experimental results. We carried out numerous cross checks of this type; some of 
our results are given below. 

Fig.1 shows the R(E) curve for n14 ions in nickel calculated by popegraabae 
method together with the experimental curve based on the data of Reynolds et al¢. 
It will be seen that in this case the computational method gives satisfactory re- 
sults in the 10 to 26 Mev ion energy range. 

c As noted above, we are interested primarily in data on ¢«(£). These can be 
obtained by taking the values of AE/AR from the range-energy curve. The results 
of such calculations are shown in Fig.2 (a smooth curve was drawn through the 
points). Unfortunately, the experimental curve breaks off atea relatively low 
ion energy (~26 Mev). In the same figure we also show the cx, vs energy curve 


Ni 
calculated by the third method on the basis of data on the values of «). 
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In the<15 Mev region the 
divergence of curve b from the 
experimental curve is rather 
large, while for E> 15 Mev the 
divergence of both calculated 
curves from the experimental does 
not exceed 10%. Inasmuch as in 
the region above 25 Mev, where 
there are no experimental data, 
the two calculated curves are 
close (divergence 3%) it may 
be hopefully assumed that the 
values of cN given by these 


Rows ',, mg/cm 


"a 20 30. Eyu,Mey curves in the high energy region 

differ little from the true ones. 

Fig.l. Range-energy curves for ni4 ions in In this case for the stopping of 

nickel: a) experimental curve given by Rey- nl4 ions in nickel we can plot 

nolds et al2, b) curve calculated by Long- a partially experimental, partial- 
champ's method. ly calculated curve for the ener- 

_2 gy variation of « in the 

Eqn. Mev/mge om 8 to 35 Mev region. Then 


using this curve as the 
initial curve for the 
second computational meth- 
od, we can calculate <(£) 
for N24 ions in any solid. 
If we restrict our con- 
sideration to a relative- 
Fig.2. Specific energy losses of ni4 ions in nickel: ly narrow energy region, 
a) according to the experimental range-energy curves, for example, from 15 to 
b) according to the range-energy curve calculated by to 25 Mev, then for this 
Longchamp's method, c) according to the D curve (re- region we can average 
calculated by the third method). ¢(Z) and calculate a mean 
value <x, for each of the 

stopping media of interest. The results of such calculations are shown in Fig. 3. 
We calculated the values of cy. for stopping in Li, Be, Al, Ni, Ag and Au (in the 
cases of Al and Ni the calculations were based directly on the experimental data) 
and drew a smooth curve through the resultant points; this curve represents e= 
= f (22) for N14 ions. 

We carried out a number of check calculations for the purpose of comparing 
the results of the different computational methods. For example, using Longchamp's!| 


me 
Ey, ml cm E,7, Mev/mg om” 


o 30 40. 50 60 — 4 
10 20 30 40 50 60 0 802, Fig. 4 


Fig.3. Average values of the specific energy loss of N14 ions in the 15 to 25 Mev 
energy range as a function of the atomic number of the stopping mediun. 
Fig.4. Average values of the specific energy loss of Cl2 ions in the 15 to 25 
Mev energy range as a function of the atomic number of the stopping medium. | 
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method, we plotted the R(E) curve for N!4 ions in 
silver and from it calculated the mean value of enh 
It proved to be 3.24 Mev/mg- cm72 in the 15 
to 31 Mev region. On the other hand, the method 
of calculation described above yields 34% = 3.12 
Mev/mg-cm-2 in the 15 to 25 Mev region (Fig.3). 
The disagreement amounts to ~4%. 
If we plot the -4l. = f(£) curve for E = 8 to 
24 Mev on the basis of the experimental data? on 
ee r0eeG7 etd 40 ad the range of N14 ions in aluminum, and compare it 
Zz, With the curve calculated by means of the "proton 
method" on the basis of the <\i curve (curve a in 
Fig.5. Average values of the Fig.2), we find that the values of © given by the 
specific energy loss of 016 calculated curve differ from the experimental val- 
-ions in the 15 to 25 Mev enex~ ues by not over +12%. 
gy range as a function of the Summarizing this part of the calculations, 
atomic number of the stopping one can say that where stopping of N14 ions with 
mediun,. energies up to 35 Mev in different solid media is 


concerned, we have satisfactory data on the speci- 
fic energy loss as a function of the ion energy and of Zo. 


In analogous fashion we obtained the values of ¢(H) for C12 and 016 ions. 
For each of these ions we plotted the R(E) curve for stopping in nickel on the 
basis of Longchamp's method and then calculated the mean values of « in the 15 
to 25 Mev region. Then by the "proton method" we calculated the values of « for 
a number of stopping media. The results of these calculations are shown in Figs. 
4&5. Unfortunately, there are as yet no experimental data on the ranges of 
c12 and 016 ions with energies of interest to us in even a single solid mediun. 
Hence at present we cannot reliably evaluate the accuracy of the calculated values 
of ©. 

One can, however, make certain indirect checks. For example, we found ‘cv 
for stopping in aluminum directly from the range-energy curve calculated by Long- 
champ’s method and compared this value with that shown in Fig.4. The difference 
amounts to ~4%. 


Eq1 ‘ Mev/mg ono© 


Longchamp4 gives no 
data on the values of k(v) 
for neon ions. Hence we 
calculated sxe» by the third 
computational method. Actu- 
ally we carried out three 
separate calculations: in 
the first variant as the ini- 
tial curve we took the 
10 15 20 25 Id 3S Aa ee f (Ep) curve, for the 

Enzo, Mev second the es —/(E.) curve 
'Fig.6. Specific energy losses of Ne29 ions stopped and for the third the 
in aluminum. Curves calculated on the basis of the sexu = f (EZ) curve calculated 


1 ergy dependences of a) <4), b) «4! and from the experimental data 
SAL mae a of Webb et al3. The results 
N*¥4 e 


are shown in Fig.6. It will 
f ecxl. in satisfactory agree- 
- be evident that the first two variants yield values o Ne 

ment with each other, whereas the results of the third computational variant de- 

the first two. 

part substantially from the results given by 
Calculations of the ene»—/(E) curve on the basis of oy (first EBAY) 
" showed that the values of c4!, and cNe» taken for the same Ne20 and Ne22 ion 


energy differ by less than 3% in the 8 to 35 Mev energy region. 


ett, Mev/mg cm 
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In view of the scarcity of experimental data on the specific energy losses 
of different ions in different media, we feel that our calculated curves (Figs. 
3-5) can serve as useful reference material. On the basis of the cited checks 
and comparisons it may be asserted that the values of © = f(E) calculated by 


means of the described methods differ from the true values by not more than 10-12%. | 


Further evidence in support of this assertion is furnished by the results of cal- 
culations of the lifetime t of nuclear levels excited by the Coulomb field of 
multiply charged ions. On the basis of analysis and review of the experimental 
data obtained in our laboratory as a result of investigation of Coulomb excitation 
of different nuclei by Q-particles and heavy ions of different energies, it may 
safely be assumed that the values of e(Z) used by us in calculating tT are reason~ 
ably accurate. Using the above described methods, it should be feasible in the 
future to obtain much more accurate data on the specific energy losses of heavy 
ions when there become available experimental values of © for C12, 016 and N20 

in at least one solid medium (for example, in nickel or aluminum) in a sufficient- 
ly wide ion energy range. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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RANGE AND SPECIFIC IONIZATION 


OF MULTICHARGED IONS 
- Ya.A.Teplova, 


V.S.Nikolaev, 1.S,Dmitriev & L.N, Fateeva 


In view of the relative scarci 


ty of experimental dat : 
multicharged ions in matter we pee ata on the stopping of 


inued our measurements! of the range specific 
Reser 2 euenakecutL Abr itm ion charge distribution in a wider range of Hore 
arges. m the present measurements, in addition to ions with Z<10, we 
worked 
with Na23, mg25, 4127, p31, ¢137, A40, K39, Br8l and Kr84 ions. Some of the ex- 
perimental results are given below. 


Measurements procedure 
ete | jclathaniel atnatnttiechashell wether heme 


The ion gone was a 72-cm cyclotron capable of yielding ions with velocities 
from 2.5 to 12°10° cm/sec, which corresponds to energies from 25 to 600 kev per 
_Rmucleon, The focused ion beam, after passing through a ~40 ug/em2 thick cellu- 

loid window, entered the "stopping" chamber which was filled with air to the de- 
Sired pressure. The particles were detected by two proportional counters: the 
entire beam traversed the first (monitor) counter; the second counter could be 
moved along the beam path in the chamber and thus allowed of measuring the number 
of particles at different distances from the entry window. By way of illustra- 
tion, typical experimental curves are reproduced in Fig.l. From such curves we 
determined the mean and extrapolated ranges. The difference between the two ran- 
ges corresponds to the range straggling. The uncertainty in the range measure- 
ments at ion velocities of (4.0-12)-108 cm/sec varied from 2 to 3%. The range 
straggling varied for different ions from 3 to 9%. 

The pulse heights in the second proportional counter gave the specific ion- 
ization (in relative wnits). As in the work of Ref.1, we evaluated the ion range 
from the point of intersection of the specific ionization curve with the hori- 
zontal axis. We term the range determined in this manner the maximum range; the 
maximum ranges proved to be 3-5% higher than the extrapolated ranges. 

- In order to investigate the slowing down of ions in solids, films of known 
thickness without backing were mounted in the path of the beam. Specifically, we 


WM 


9 


| 


0 50 106 150 200 R, mm 


j ticles as a function of the 
Fig.l. Variation in the relative number N/No of part 

ete ce from the entrance window of the stopping chamber: a) for po ions (air 
“pressure 26.8 mm Hg, t = 19°), b) for He ions (p = 141 mm Hg, t = 199). 


cas sc ee be 
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used films of celluloid, alumin- 
um and silver ranging from 50 to 


300 yg/em? in thickness. From 
the range difference with and 

without the films we determined 
the air equivalent of the films 


for the given ion velocity. The 
ratios of air equivalents for 
different ions were determined 
with an accuracy from 7 to 10%; 
the absolute equivalents with an 
accuracy of 10-15%. 

The equilibrium ion charge 
distribution and the mean charge 
were measured by the procedure 
described earlier2,»3. The ion 


velocities were determined on the 
pasis of the focusing magnet field 
strength to within 1-2%.1 


¥ 10°, cm/sec Discussion 


Fig.2. Variation of ion range in air with the 


velocity at p = 760 mm Hg, t = 199. 
ed lines represent the results of Ref.1. 


R,mm 


4 ye eo E 20 36 
Z 

Fig.3. Variation of the ion 

range in air with Z at 760 

mm Hg & t = 199; 1) v = 

= 4,1-108 cm/sec, 2) 2.6-108 


cm/sec. 


&# $0? Mev/$+em~* 


4 8 12 (Gunz 


Fig.4. Variation of the 
specific energy loss dE/dx 
with Z in a) celluloid, b) 
Al and c) Ag for v= 3.5-108 
cm/sec. 


The dash- The measurements showed that 
for ions with Z> 10, having 
velocities less than 5-108 cm/sec, 
the specific ionization in air is approximately 
(within +10%) proportional to the residual range. 
This was to be expected inasmuch as according to 
the results of Ref.1, the maximum of the specific 
ionization for lighter ions (Li7, B11 & N14) is at- 
tained at velocities of (6-8)-108 cm/sec. Accord- 
ingly, the range of ions with velocities < 6-108 
cm/sec should be approximately proportional to the 
velocity. The results of measurement of the maxi- 
mum ion range in air are shown in Fig.2. It will 
be seen that the experimental points deviate from 
straight lines drawn through the origin by not 

over 5%. 

It is of interest to examine the Z-dependence 
of the ranges of different ions with equal initial 
velocities (Fig.3). The measurements show that the 
range R changes relatively little with increase of 
Z from 3 to 36: for example for v = 2.6-108 cm/sec 
the range of Kr84 ions is approximately twice the 
range of N14 ions. However, the Z-dependence of R 
is not monotonic but is characterized by appreciable 
fluctuations €30%). This is also true of the Z- 
dependence of the range difference AR for the given 
velocity difference (dashed lines in Fig.3). Inas-_ 
much as this quantity is inversely proportional to 
the specific energy loss, the Z-dependence of 


dE 
Fs should also be characterized by similar fluctu- 


ations. Unfortunately, the accuracy of measuring 


Fig.5. Z-dependence of 
the stopping power B 
of air for v = 3.5-108 
cm/sec. 


0 ae 12 16 2 
Fig.6. Variation of B with 


Z in a) celluloid, b) Al 
and c) Ag for v= 3.5°10 
cm/sec. 
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AR was not high, hence the observed regularities can 
be regarded as only approximate. 

On the basis of the experimental data of the 
air equivalents of the solid films, we calculated the 
specific energy losses in these solids. As will be 
evident from Fig.4, in general the specific energy 
loss increases with increase of Z, although the vari- 
ation is not uniform over the entire range of values. 

A similar Z-dependence is observed for the ex- 
perimental values of the mean Square ion charge for 
the same velocities and is explained by the character- 
istics of the electron structure of the ions. Hence 
the product =. = is a monotonic function of Z. 

U 
dE 


From the experimental values of aes and iP, we calcu- 


lated the stopping power of the film materials as 


? 


dE | 4nesi2 

eee 
where v is the ion velocity, e is the charge and m 
is the mass of an electron, and JV is the number of 
atoms per cm3 of the material. The results are shown 
in Figs.5 & 6. 

The experimental values of the stopping power of 

air for ions with Z from 3 to 18 substantiate the Z- 
dependence of B observed earlier for ions with Z < 10. 


The decrease of B with increase of Z, as was pointed out in Ref.1, is consistent 
with the Bloch formula for specific energy loss. 

Inasmuch as the difference between the mean ion charge in gases and solids 
increases rapidly with increase of Z, the Z-dependence of B in solids is much 
stronger than in air. The stopping power of air for A40 ions with v = 3.5°108 
em/sec is about half that for Li? ions, whereas the stopping powers of solids for 
the same ions differ by a factor of 4-5. 

Some authors4-§ neglect the Z-dependence of the stopping power in calculating 
the specific energy loss of multicharged ions. It will be evident from the above 
cited data that such disregard of the Z-dependence of the stopping power can lead 


to appreciable errors. 


Scientific Research Institute for Nuclear Physics, 


Moscow State University 
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CASCADE GAMMA~TRANSITIONS IN C136 AND S33, ACCOMPANYING THERMAL NEUTRON CAPTURE 
- V.R.Burmistrov 


1. Experimental procedure 


We investigated the two-stage transitions in c136 and s33, accompanying 
thermal neutron capture, by the "addition upon coincidence’ method described by 
Hoogenboom!. In the case of S33 we also carried out measurements by the conven= 
tional y-y coincidence method with energy analysis of the coinciding radiations. 

The experimental arrangement is diagramed in Fig.l. 

The neutron be from the pile of the first 
atomic power station’, after collimation, ir- 
radiated the target T (Fig.1), mounted between 
the two scintillation counters. The neutrons 
scattered in the target were absorbed by a layer 
of B4C. The counters were lead shielded and 
mounted at right angles to each other in order 
to minimize the number of spurious coincidences 
owing to detection by one crystal of y-rays scat- 
tered in the other. Such spurious cross detec- 


Fig.1. Experimental arrange- tion was not fully suppressed, however, for ener- 
ment; a) vertical section in gies exceeding 0.51 Mev, which led to the appear- 
line with neutron beam; b) ance in the coincidence spectra of apparatus 


vertical section perpendicular peaks associated with pair formation in the crys- 
to neutron beam. K - crystals, tals. 
@- photomultipliers, T - tar- The scintillation spectrometer was equipped 
get. with 40 x 40 mm NaI(Tl) crystals and had a reso- 
lution of 12% at a y-ray energy of ~1 Mev. We 
employed a fast-slow coincidence system with a resolving time of. 8-1078 sec. The 
uncertainty in determining energy was estimated to be 3%. The background of 
chance coincidences when using the "addition upon coincidence” technique did not 
exceed 5%, and hence was disregarded. The contribution from epicadmium neutrons 
did not exceed 10% and was also not taken into account. 


A more detailed description of the equipment and experimental technique will 
be found in Refs.3 & 4. 


2. Measurement results 
Chlorine 


The coincidence spectrum associated with C136 neutron capture y-radiation 
has been investigated previously by Recksiedler & Hammermesh® and Trumpy®§, who 
obtained preliminary evidence for the existence of 7.78-0.79, 7.42-1.16, 6.98-1.60 
and 6.62-1.95 Mev cascades; Recksiedler & Hamermesh also detected the new line of 
0.735 Mev energy. 

In our experiments the sample consisted of chemically pure PbClo contained 
in a paper cup 5 mm in diameter and 5 mm high. The gate of the controlling chan- 
nel was set at the neutron binding energy in C136(8.58 Mev). The contribution . 
from neutron capture in C137 was completely excluded by this setting of the con- 
trol channel, inasmuch as the neutron binding energy in c138 is 6.1 Mev. 

The capture y-ray spectrum recorded by the coincidence method is shown in 
Fig.2. The spectrum was recorded in two stages with different amplification fac- 
tors in the analyzed channel. The vertical scale is laid off in terms of the 
number of pulses in a 20 kev wide channel normalized to a constant integral num- 
ber of pulses in the control channel. The two sections are joined in the 1.5-2.0 
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8 Ey, Mev 


Fig.2. Chlorine capture y-ray spectrum recorded by the method of addition upon 
coincidence (I) and without coincidences (II). 


Mev region. The uncertainties indicated at some of the points are root mean 
Square errors. The final identification of the peaks as regards energy was car- 
ried out by comparison of our data with the results of Groshev et al7. The dash- 
ed line (II) in Fig.2 is the thermal neutron capture spectrum of Cl obtained with 
a single spectrometer (without coincidences) plotted to an arbitrary scale. 

The extreme peaks at 8.1 and 0.51 Mev are apparatus peaks associated with 
pair formation in the spectrometer crystals by the ~8.6 Mev y-radiation. They 
appear when one of the annihilation quanta leaves the crystal in which the pair 

»is formed and is detected by the other crystal. 

The peaks at 7.8 and 0.79 Mev correspond to a 7.8-0.79 Mev cascade transi- 
tion through the 0.79 Mev level. 

The 7.41 and 1.16 Mev peaks correspond to a cascade through the 1.16 Mev 
level. 

The indistinctly evinced peak at 1.6 Mev should be complemented by a peak 
at ~7.0 Mev; the latter, however, is not resolved from the neighboring y-rays. 

The comparatively sharp peaks at 6.6 + 0.1 and 2.0 + 0.05 Mev form a pair 
corresponding to a 6.6-0.95 Mev cascade through the 1.95 Mev level. 

The peak at 5.7 + 0.1 Mev corresponds to a 
5.7 Mev y-ray; the peak at 3.0 * 0.1 Mev to one of 
three y-rays: 3.08, 3.02 or 2.88 Mev. In view of 
the fairly high certainty in identifying the first 
peak, the energy of the second peak may be assumed 
to be 2.88 Mev. This pair of peaks corresponds to 
a 5.72-2.88 Mev cascade through the 2.87 Mev level. 

The level scheme for C136, following from the 
267 Coincidence measurements, is given at the right in : 
+4, BPig.3. By the method of "addition upon coincidence 
r1//! we identified the following cascades: 1) 7.79-0.79, 
479 9) 7,42-1.16, 3) 6.97-1.60, 4) 6.64-1.95, and 6) 

badass 48, 6 ¥ 5.72-2.88 Mev. All these cascades were ih bon 

? -sta ed by the conventional coincidence technique; 
Sa aee BSotied cise, addition, there was found the cascade 5) 6.11-0.51- 
a -0.79 Mev (the cascade numbers above correspond to 
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oe 
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the numbers given in the diagram). In both cases the 6.97-1.60 Mev cascade ee 
not clearly evinced, which is presumably due to its low intensity. The aa ‘ 
decay scheme substantiates the transition scheme proposed for the above mentione 
cascades by Groshev et al”. 


Sulfur 
The sample was a cylinder of chemically pure, fused sulfur weighing 0.8 g, 
contained in a paper cup (without top or bottom). In the measurements by the 
"addition upon coincidence’ method the control channel was set at 8.65 Mev Sari 
neutron binding energy in $33). The contribution from neutron capture in S 


was excluded inasmuch as the neutron binding energy in S35 is 6.99 Mev. The con- 
tribution from neutron absorption in s33 is negligibly small. 


120 
100 


80 


7,85 (8,25) 
60 


20 


Fig.4. Sulfur capture y-ray spectrum obtained by the method of addition upon co- 
incidence (I) and without coincidences (II). 


The experimental spectrum is shown in Fig.4. The spectrum was again record- 
ed in two stages: the soft section from 0.4 to 2.0 Mev was recorded with a con- 
trol gate width A = 6.1%; the hard section from ~1.6 to 9.0 Mev with A = 3.0%. 
The measurement results are normalized to a 20 kev channel width and the same in- 
tegral number of pulses in the control channel. Owing to the use of different 
control gate widths (because of different coincidence counting rates) the two 
sections do not join in the intensity scale. This is immaterial where the immedi- 
ate results are concerned inasmuch as we are not drawing any inferences here re- 
garding the relative intensities of the transition cascades. The singles spec- 
trum plotted to an arbitrary scale is shown by the dashed line (II). 

The extreme peaks at 8.2 and 0.51 Mev are apparatus peaks. 


The peaks at 7.85 + 0.2 and 0.85 + 0.02 Mev correspond to a 7.80-0.84 Mev 
cascade transition through the 0.841 Mev level. 


| respond to a 1.21-7.42 Mev cascade through the 7.44 Mev le 
this level to the ground state was h 


» 
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The peak at 1.23 + 0.05 Mev and the step in the 7.40 + 0.1 Mev region cor- 


re vel. A transition from 
ypothesized earlier b ro ; 7 

1.23 Mev line was detected. The clear manifestation of RSM obiccentexCaeeneite 
undoubted existence of 7.4 y-rays in the coincidence spectrum are strong evidence 
in favor of this cascade. 

The peak at 1.64 + 0.05 Mev should be complemented by a peak with energy 
8.65 - (1.64 + 0.05) = 7.01 + 0.05 Mev. However, the latter peak is not evinced 
in the spectrum, possibly due to the inadequate resolving power of the equipment 
and the low intensity of the corresponding y-rays. It must be noted that no line 
of this energy was observed in measurements with magnetic spectrometers. But in 
view of the specific characteristics of the given measurement procedure (single 
peaks cannot be evinced in the coincidence spectrum), its presence in the y-spec- 
trum is nevertheless possible. The 1.64 + 0.05 Mev Y-rays should be regarded as 
part of a two-stage transition going through one of the following $33 levels: 7.04, 
7.02 or 7.00 Mev (these level energies are taken from the work of Groshev et al7.) 

The next peak, i.e., the peak at 1.95 + 0.05 Mev, is visible only in the low- 
er curve and is not evinced in the upper curve gwing to inadequate statistical ac- 
curacy of the corresponding measurements. This peak should be complemented by a 
peak at ~6.6 Mev, but the latter was not observed. Hence we Classify the corre- 
sponding cascade as uncertain. 

The clear peaks at 3.3 + 0.1 and 5.25 + 0.15 Mev correspond to the most in- 
tense 5.44-3.22 Mev cascade which goes through the 3.22 Mev level. 

There should be a peak at 4.05 Mev complementing the 4.6 + 0.1 Mev peak, but 
it is apparently masked by the 3.25 Mev peak. 

Groshev et al? inferred the existence of a 4.58-3.21-0.841 Mev cascade. It 
follows from our measurements that there is a 4.58-4.05 Mev cascade passing through 
the known 4.049 Mev level. The existence of this cascade, however, is not reliably 
proved. Measurements by the conventional coincidence technique bring out only two 
cascades clearly, namely, 7.8-0.84 and 1.21-7.42 Mev. The intensity ratio of these 


-cascades is consistent with the intensities proposed by Groshev et al. 


The transition diagram for S33 is shown on the left in Fig.3. The certain 
cascades 1) 7.8-0.84, 2) (1.20)-7.42, 3) (1.64)-(7.02), and 4) 5.44-3.21 Mev (the 
y-rays given in parentheses above were not observed in the magnetic spectrometer 
measurements of Groshev et al) are indicated by solid line arrows; the somewhat 
doubtful cascades 5) 4.58-4.05 and 6) 6.62-2.00 Mev are indicated by dash line 
arrows. In the main the given decay scheme agrees with that proposed in the work 
of Groshev et al’. 

I take this opportunity to thank A.K.Krasin for his interest in the work and 
V.P.Radchenko for assistance in carrying out the measurements. 
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CASCADE GAMMA-TRANSITIONS IN Nd144 
- V.R.Burmistrov 


The y-transitions in Nal44, daughter of Pri44, have been the subject of many 
investigations!-3, which led to a rather simple level scheme with two excited 
states. Firsov & Bashilov4 recently introduced two additional levels at 2.8 and 
1.7 Mev. 

In the present work we carried out a further investigation of the decay 
scheme of Ndl44 by the method of y-y coincidences. 


1. Equipment and Procedure 


For investigating the y-transitions in Ndl44 we used the conventional 7-7 
coincidence procedure and the "addition upon coincidence” methodS, using two scin- 
tillation counters. 

In the "addition upon coincidence” method the pulses in the two counters are 
fed simultaneously into a coincidence circuit and into a linear pulse adding cir- 
cuit. If the pulses coincide in time and the sum of their energies equals the 
set value, i.e., corresponds to the energy of the nuclear level from which the 
transition cascade under investigation departs, the pulses from one of the count- 
ers are passed for analysis. This method allows of determining two-step transi- 
tions from the investigated nuclear level, inasmuch as for each given two-step 
transition there appear in the coincidence spectrum only two photopeaks without 
Compton or pair peaks, which obviously facilitates interpretation of the spectra. 

A block diagram of the experimental arrangement is shown in Fig.l,a. The 
pulses are fed to the fast coincidence circuit through a 10 Mc passband amplifier. 
The gate of the differenti- 
al discriminator is set on 
the pulse amplitude corre- 
sponding to the energy of 
the investigated nuclear 
level, and upon the arrival 
of a pulse from the fast 
coincidence circuit (the 
discriminator incorporates 
a slow coincidence circuit) ,, 
the discriminator pulse 
opens the analyzer gate for 
analysis of the pulses from 
one of the counters. 

The pulses from either 


of the two counters can be 
Fig.l. a - Block diagram of the experimental arrange- taken for analysis (another 


ment: 1 & 1') scintillation counters (NaI(Tl) photo- possible way of connecting 
multiplier and cathode follower), 2 & 2') wide band the components is indicated 


USh-10 amplifiers, 3) fast coincidence circuit, 4) by the dashed line in Fig. 
pulse addition circuit, 5 & 5') linear amplifiers, l,a). Fig.1,b shows a dia-. 
6) differential discriminator, 7 & 7') scalers, 8) gram of our pulse adding 


pulse analyzer; b - pulse adding circuit. circuit; it differs from 
n the circuit described by 
Hoogenboom’ in that it can handle higher pulse loads. Potentiometers in the grid : 
circuits of the 6Zh1P (6}KiII) tubes serve for fine adjustment of the energy cali- 
bration of both counters (the rough adjustment of the calibration is realized b 
varying the voltage on the photomultipliers). " 
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Fig.2. Effect of inaccurate setting of the dif- 
Source - Na24, 
a - case of inaccurate gate setting, b - correct 
The energy calibrations in the 


ferential discriminator gate. 


gate setting. 
two cases are somewhat different. 


100 


200 


Channel No. 


Fig.3. Influence of a higher lying lev- 
el on the coincidence spectrum recorded 
by the method of "addition upon coinci- 
dence". Source - Mn°S, 


The principle of the "ad- 
dition upon coincidence" method 
has been fully described by 
Hoogenboom® and will not be de- 
tailed here. We must, however, 
Say a few words regarding the 
accuracy of setting the dis- 
criminator gate on the investi- 
gated energy level, or what is 
practically the same thing, on 
the influence of higher lying 
energy levels. Inaccuracy of 
setting the gate of the analyz- 
er of the summing channel of 
the discriminator on the inves- 
tigated energy level leads to 
displacement of the coincidence 
spectrum peaks, i.e., to dis- 
tortion of the spectrun. 

Such inaccuracy in setting 
the gate leads either to the 
appearance of spurious peaks 
(if the center of the gate Eo 
is set so that E,< Eo, where 
Eo is the energy of the investi- 
gated level) or simply to loss 
of coincidence counts (with 
Ec> Eo). 

In our work no displacement 
of the peaks was observed within the 
limits of the accuracy of energy deter- 
mination. 

Fig.2,b shows the coincidence spec- 
trum obtained with an Na24 source. It 
is known that Na24 has a 2.76-1.38 Mev 
cascade departing from the 4.12 Mev 
level.l In this case the center of the 
control gate was set at 4.12 Mev. In 
this figure (and in those below) N is 
the number of pulses recorded during 
the measurement period. 

In the case of simultaneous detec- 
tion of a 1.38 Mev quantum by, for ex- 
ample, the lower counter (Fig.1) and a 
2.76 Mev quantum by the upper counter, 
the coincidence circuit is triggered. 

A pulse appears at the discriminator 
output only if the sum of the pulses 
from both counters equals E, and this is 
possible only on condition of complete 
absorption of both the quanta in the re- 
spective crystals. In this case the 
analyzer receives a pulse corresponding 
to the 1.38 Mev photopeak. On the other 
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hand, if the lower counter receives and detects a 2.76 Mev quantum and the upper 

a 1.38 Mev quantum, the analyzer will be fed a pulse corresponding to the 2.76 
Mev peak. Under the given conditions there can be no other combinations (provid- 
ed, naturally, that there is no scattered y-radiation from one crystal to the 
other). Thus, in the given case there will appear two photopeaks in the coinci- 
dence spectrum; one at 1.38 and the other at 2.76 Mev. 

The spectrum in Fig.2,a illustrates the case of incorrect setting of the con- 
trol gate, i.e., the case of setting the control gate at E>, = 3.9 Mev or somewhat 
below the energy of the 4.12 Mev level. As will be evident fram the figure, the 
coincidence spectrum comprises the 1.38 and 2.76 Mev peaks (corresponding to the 
y-rays that are actually in cascade) and in addition and next to these, peaks at 
2.6 and 1.1 Mev, (in Fig.2,a the 2.6 and 2.76 Mev peaks are not resolved); it will 
be noted that the sums of the peak energies, i.e., 1.38 + 2.6 Mev and 7.6 + 1.1 
Mev are equal to Eg. 

The 1.38 and 2.6 Mev peaks appear in the spectrum in the case of complete ab- 
sorption of the 1.38 Mev photon in one crystal and Compton scattering of the 2.76 
Mev photon in the other, the scattering being such that the energy of the Compton 
electron Eye = Ec - 1.38 Mev, i.e., the difference between the gate setting ener- 
gy and energy of the completely absorbed photon. 

Analogously, the peaks at 1.1 and 2.76 Mev are associated with complete ab- 
sorption of a 2.76 Mev photon in one crystal and Compton scattering of a 1.38 
Mev photon in the other so that Eye = Eg - 2.76 Mev. 

Fig.3 shows the coincidence spectra obtained with an Mn°S source and illus- 
trates the influence of a higher lying level from which cascade transitions may 
occur. The lower curve represents the spectrum obtained when the gate of the 
control channel is set on the 3.02 Mev levell. In this case there are evident 
in the coincidence spectrum clear peaks at 2.11 and 0.84 Mev, corresponding to 
the two-step 2.13-0.845 Mev transition. These peaks are comprised in the continu- 
ous pulse distribution due to weak cascade transitions from higher lying levels. 

The upper curve gives the coincidence spectrum with the control gate set at 
2.60 Mev, the energy of the level from which the intense 1.81-0.845 Mev cascade 
departs. In this case there are clearly evident in the spectrum peaks at 1.80 + 
+ 0.04 and 0.86 + 0.02 Mev, corresponding to this cascade. In addition, there is 
evident in the spectrum a pair of peaks at 2.19 + 0.04 and 0.47 + 0.02 Mev, as- 
sociated with a 2.13-0.84 Mev cascade from the 3.02 Mev level. For this level 
the Ec = 2.60 Mev setting is inaccurate (E, < 3.02 Mev), and we have a case simi- 
lar to that characterized by the curve of Fig.2,a, i.e., two pairs of peaks: 2.19 
Mev (photopeak) - 0.47 (Compton) and 0.86 (photopeak - 1.79 (Compton), the sum 
of the corresponding peak pairs being equal to Eg. The pair of peaks associated 
with the 2.13-0.845 Mev cascade from the 3.02 Mev level is masked by the peaks 
corresponding to the 1.81-0.845 Mev cascade from the 2.6 Mev level. 

In general, however, the origin of spurious peaks can easily be clarified by 
observing the changes in energies and intensities of the peaks with variation of 
the gate setting. 


2. Experimental Results 


The sample for investigating the levels of Nd!44 was a Cel44-pr144_nq144 
mixture stored for two years after separation of the U fission products. The 
source, having a superficial density of 0.5 g/cm2, was enclosed in a steel con- 
tainer with a wall thickness of 0.2 mm. To prevent the appearance of brems- 
strahlung due to penetration of the hard B-radiation into the lead shielding 
the container was surrounded with a 10 mm thick layer of plastic. 
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The radiation was detected by 40 x 40 
oriented at right angles to each other. 

The spectra obtained by the method of 
in Fig.4. Fig.4,b is the Spectrum obtained 


mn NaI(T1) crystals in lead shielding, 


addition upon coincidences are shown 
with the 200 kev wide gate of the 
differential discriminator set 
on 2.87 Mev. In this spectrum 
there are clearly evident peaks 
at 0.70 + 0.01 and 2.19 + 0.01 
Mev; these correspond to a 0.69- 
-~2.18 Mev cascade from the 2.87 
Mev level. 
At the center of the spec- 
trum there is a peak at 1.47 + 
300} 0.70 219 + 0.03 Mev. Actually, the aver- 
b p ° age energy value of this peak, 
on the basis of five series of 
measurements, is 1.44 + 0.02 Mev. 
In view of the fact that a single 
peak cannot appear in the co- 
incidence spectrum, it must be 
assumed that this peak corresponds 
to a (1.44 + 0.02)-(1.44 + 0.02) 
Mev cascade. 
To the right and left of the 
central peaks are diffuse peaks 
: with energies 1.22 + 0.05 and 
ao Rae ae 1.82 + 0.05 Mev. The average 
Channel No. yalues based on four runs are 
Fig.4. Ndl44 coincidence spectra obtained by (1.18 + 0.02) and (1.79 + 0.03) 
the addition upon coincidence method: a) cas- Mev; these peaks correspond to 
cades from the 2.18 Mev level, b) from the a cascade of y-transitions with 
"2.87 Mev level. these energies. The order of 
emission of these y-rays will be 


200 


100 


a 20 40 60 


considered below. 

There is no difficulty about determining the area under the clear 0.70 and 
2.19 Mev peaks; the matter is somewhat more difficult when it comes to the lower 
peaks. These intermediate peaks sit on a plateau. In the spectrum of Fig.2,b 
the area of the plateau between the extreme peaks amounts to 17% of the total 
area. In the spectrum of Fig.3,b (assuming that the plateau to the sides of the 
peaks represent the contribution from higher lying levels), the plateau area 
amounts to ~5%. The last case is most similar as regards energy to that under 
consideration, hence we assumed that the area of the plateau between the peaks, 
due to contributions from the 0.70 and 2.19 Mev peaks, equals 5%. Further, using 
,the efficiency formula deduced by Hoogenboom? and the experimentally determined 
photocontribution, we found the intensity ratio of the cascades. The evaluated 
relative intensities of the cascades and the areas under the peaks corresponding 
to them (Fig.4,b) are listed in the table. 

Fig.4,a shows the spectrum obtained 
with the control channel gate set on the 
2.18 Mev level, the gate width being 96 kev. 


Cascade 


0.69 + 2.18 1 The two clear peaks at 1.49 + 0.01 and 
0.70 + 0.01 Mev correspond to the well 

1.44 + 1.44 0.4 known 1.48-0.69 Mev cascade. 

2 +1.8 0.98 The clear 2.04 + 0.02 Mev peak and the 
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complementary 0.140 Mev peak (only the right-hand part of which appears in the 


figure) are due to the 2.18-0.69 Mev cascade from the higher lying 2.87 Mev level. 


This case differs somewhat from that illustrated in Fig.3,a, inasmuch as in this 
case the energy of one of the 7-rays of the cascade, namely, the 2.18 Mev y-ray, 
is equal to the setting of the control channel gate. Hence the spurious peaks 
associated with the cascades from the higher lying level are evinced here in the 
following, somewhat different manner. 

The 2.18-0.69 Mev cascade yields the peaks: 2.04 (Compton peak from the. 2.18 
Mev gammas) - 0.14 (Compton peak from 0.69 Mev) and 0.69 (photopeak) - 1.48 (Comp- 
ton peak from 2.18 Mev); the last pair of peaks is superposed on the principal 
peaks. 

The 1.44-1.44 Mev cascade yields peaks which are superposed on the peaks of 
the effect. 

The 1.2-1.8 Mev cascade yields the following peaks; 1.8 (photopeak from 1.8 
Mev) - 0.38 (Compton from 1.2 Mev) and 1.2 (photopeak from 1.2 Mev) - 1.0 (Comp- 
ton peak from 1.8 Mev). The 1.8 Mev peak is evinced as a slight rise between the 
1.49 and 2.04 Mev peaks, while the 1.2 and 1.0 Mev peaks are manifested by the 
slight rise between the 0.69 and 1.49 Mev peaks. 

Fig.5 shows the results of measurements by the conventional coincidence meth- 
od. The reproduced curve is the spectrum of coincidences with the 0.690 Mev 7- 
rays. The background of chance 
coincidences (equal to 30% of the 
true coincidences at ~2.18 Mev, 
4% at 1.48 Mev and 20% at 0.69 
Mev) and the contribution from 
the Compton distribution on which 
the 0.690 Mev photopeak sits have 
been subtracted. Of the entire 
area defined by the control chan- 
nel the Compton pedestal account- 
ed for ~20%, while the spectrum 
coinciding only with the y-rays 
that form this pedestal was deter- 
mined by measurement of the co- 
Fig.5. Spectrum of coincidences with the 0.69 incidences when the control chan- 
Mev y-rays of Nd144 recorded by the convention- nel was set on a region where 
al coincidence method. there is no contribution from 

the 0.690 Mev y-rays. 
As will be evident from Fig.5, y-rays with energies 1.48, 2.18 and 0.69 Mev 


Channel No. 


yield coincidences with the 0.690 Mev y-rays. Coincidences of the last two y-rays 


with the 0.690 Mev y-rays have not been reported hitherto. From the areas under 
the photopeaks (taking into account the photocontribution) , we found that the 
relative intensities of the coincidences of the 0.69, 1.48 and 2.18 Mev y-rays 
with the 0.690 Mev rays are 1.2 + 0.2, 17.2 + 2.5, and 1, respectively. We note 
that the determination of the photocontributions and the relative y-line intensi- 
ties were based on the average ratios of the 0.690, 1.48 and 2.18 Mev y-line in- 
tensities equal to 1: (0.18 + 0.01): (0.494 + 0.002), respectively. The relative 
intensities of these y-lines were taken from Refs.3 and 6. 

It follows from the results obtained by the addition upon coincidence meth- © 
od that there must obtain coincidences between y-rays having the following ener- 
gies: 1.2 & 1.8 Mev and 1.4 & 1.4 Mev. However, no clear indication of these 
cascades was obtained in investigating coincidences with y-rays in the energy 
region from 0.8 to 2.4 Mev. Firsov & Bashilov4, using a single crystal spectro- 
meter, detected a 2.87 Mev y-line; our equipment did not resolve this peak. We 
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| eaten the intensity of this line as <0.001 the intensity of the 2.18 Mev ifs 
e. : 


3. Level and Transition Scheme 
ee tion echeme 


The level and transition scheme most co 
sults is shown in Fig.6. 
structing this scheme. 


nsistent with the experimental re- 
No account was taken of possible B-transitions in con- 


hy The 2.87 Mev level was first introduced 
by Firsov & Bashilov as a result of observa- 
287 tion of 2.87 Mev y-rays and a 1.1-1.7 Mev 
cascade. It will be apparent from the spec- 
trum of Fig.4,b that a 1.2-1.8 Mev cascade 
actually does exist; but, in addition, de- 
18 excitation of the 2.87 Mev level also pro- 
; ceeds by means of two other cascades, namely, 
(44 (2)  1,44-1.44 Mev and 2.18-0.69 Mev, which were 
detected for the first time in the present 
investigation. 
063 (2") The 1.44-1.44 Mev cascade indicates the 
existence of a level at 1.44 + 0.02 Mev. As 
regards energy, this level is consistent with 
two-phonon nuclear excitation’, It is also 
Fig.6. Proposed level and transi- consistent with the intensity ratio of the 
tion scheme for Ndl44, transitions from this level to the first ex- 
cited level and to the ground state of the 
nucleus. If we accept that the 1.44 Mev level is the second level and is due to 
quadrupole vibrations relative to the equilibrium spherical shape, the possible 
assignments for it are 0, 2 or 4+. The 0+ assignment is excluded by the fact 
that if this assignment obtained, y-transitions from this level to the ground 
state would be forbidden. Of the other two possibilities, one must give prefer- 
ence to 2+ by analogy with other even-even nuclei with an octupole vibrational 
spectrum. 

We interpret the 2.18-0.69 Mev cascade as a two-step transition through the 
0.69 Mev level. An inverse order cascade through the 2.18 Mev level or the oc- 
currence of both cascades would be in conflict with the intensity ratio for the 
1.48 and 2.18 Mev y-rays obtained by Graham et al3 and Kreger & Cook6, 

In principle, the 1.2-1.8 Mev cascade could go either through a 1.8 Mev or 
a1.2 Mev level. Firsov & Bashilov gave preference to the 1.8 Mev (more accurate- 
ly 1.74 Mev) level, since earlier® there was detected a B-transition with an end- 
‘point energy of 1.3 Mev. We note that this transition was not identified with 
certainty, hence the inferences of Cheng, John & Kurbatov® are open to question. 
In view of its doubtful character, we have indicated this level by a dashed line 
hin Fig.6. 

We have taken the energy of the highest lying level as 2.87 Mev inasmuch as 
there have been observed y-rays of this energy4 presumably associated with a 
cross-over transition to the ground state. Furthermore, the clearly evinced 
2.18-0.69 Mev cascade indicates an energy value of 2.87 + 0.02 Mev for this level. 

The spectrum shown in Fig.4,a substantiates the existence of a level at 
2.18 Mev and of the well known 1.48-0.69 Mev cascade. 

In the vertical transition lines we have indicated the relative intensities 
of the respective y-transitions. We have enclosed in parentheses the intensity 
values that would increase (uniformly) if there is a p-transition to the 1.44 Mev 


level. 
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The spin and parity of the 1.44 Mev level are assumed to be 2+. The spins 
of the 2.18 and 0.69 Mev levels were determined from the angular correlation of 
the 1.46 and 0.69 Mev y-rays in a number of investigations! ,3, but in none of 
these was the influence of the 2.18 Mev 7y-rays taken into account. If we accept 
the proposed level and transition scheme, we note that the new cascades introduce 
a considerable contribution (not less than 16%) which must be taken into account 
in investigating the angular correlation of the 1.48 and 0.69 Mev y-rays from 
the 2.18 Mev level. This admixture of new cascades may significantly alter the 
assignments for the 2.18 and 0.69 Mev levels. For this reason we have given the 
spins for these levels in parentheses, indicating that they are in need of fur- 
ther verification. The assignment for the 1.44 Mev level is also given in paren- 
theses inasmuch as it still requires experimental determination. 
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CONTRIBUTION TO THE THEORY OF SUPERFLUIDITY OF NUCLEON GAS 
~ Yu.V.Tsekhmistrenko 


We consider a system of interacti 
the forces acting between the nucleons 
differs from the number of neutrons. 
scribed by the Hamiltonianl. 


H = pa |Z (A) — h, (> = <) — hy (>- 1) | apedtns— - » ne (A, k’) nye 


¢ , 
kk’s.s1s s 
21 


ng neutrons and protons. We assume that 
are central and that the number of protons 
Under these assumptions the system is de- 


nh’. Fie? (1) 
where 
Pees Ge SUE (2) 


4 
mere s = (co, +); ¢=-+-5 describes the z-component of the ordinary spin and 


4 
- ema the z-component of the isotopic spin. In the usual case of central 


forces, we can write hes POET le nian (eek) in the form 


ra J! = , y 6 a) , 14 4) k’ 6 6 , , © 

818218 8 (k, uy ) ] 8,8. (k, k ) seas + bah; : (k, ) S1+82, 0% +s, 0? (3) 
+ ae | 1 2 21 1 2 

; — 3 bs i 5 , rer = (Sat px 7 y 2 = J = O. 
] 8182 I 82813 J sed 8) i, 8 {8281 Tosex\e s.? Jessste. 8. J esoa|a18. 


We choose Bogolyubov's well-known canonical transformation in such a way as 
to leave the total momentum operator diagonal: 
= + 
aks = > (Ungs’Xhs’ == Vrss'%—hs’); 
s’ 


s s 
Ukss’ = Wkes’; Vhkes’ = Vhss’- (4) 


The unitarity of the transformation is assured by the conditions 


> (Unss'Whs,s’ Se UVnss’Vhs,s') = Os5,3 


(5) 
» (Urss'VRs,s’ + Uks,s'Vkss’) = 0. 
8’ 
We introduce the "distribution functions" 
Frss, = », Vpnss'Vks,8' 
¥ ; (6) 


Diss, = > Urss'Vks,8' — — Dreis 


which, as Bogolyubov has shown, must satisfy conditions equivalent to (5): 


Pres’ aaa >) (DisrsDas's’ om Frss"Fks"s') =i) 


and | (7) 
» (F kss"Drs"s’ + Fxs's"Dps's) = 0. 


we thereby reducel the problem of finding the ground-state energy of (1) to the 
problem of minimizing the functional 


wt ae 
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HECCHOY CO et (8) 


under the supplementary conditions (7). Taking (7 into account, by means of ap- 
propriate Lagrange multipliers, we solve the variational problem in the variables 
F and ©. By purely algebraic transformations we find, in consequence of (2), 
that if t and t' are different, then 


Diss’ = Fikes’ =" (9) 


It will readily be seen that this result implies ineffectiveness of the in- 
teraction between the neutrons and protons. The solution actually corresponds 
to minimum #f (as was shown by a separate investigation) since the second variation 
of ff for this solution is a positive definite quadratic form. 

Thus, despite the presence of neutron-proton interaction in the Hamiltonian 
(1) the nucleons behave as regards superfluidity like two entirely independent 
Fermi systems. The assumption of different chemical potentials for the protons 
and neutrons (2), which leads to this situation, is fully justified, since in all 
nuclear systems known to us the neutron density differs from the proton density. 
Special analysis of the A; - A. = 0 case shows that the expression for the ground- 
state energy in this case remains the same, but the functions F and ® are no 
longer uniquely determined simply by the variational equations and the supplement- 
ary conditions. Mathematically, this arises from the fact that for A, - AL = 0 
the Hamiltonian (1) possesses higher symmetry in isotopic-spin space. 

This work was done at the suggestion of N.N.Bogolyubov, to whom the author 
expresses sincere thanks. 


Reference 


1. N.N.Bogolyubov, Doklady AN SSSR, 119, 52 (1958). (Trans.Soviet Physics - 
Doklady.) 


- 899 - 


MOMENTS OF INERTIA OF NUCLEI 
- M.Kazarnovskii 
It is not impossible that the nucleus c 


of a number of weakly interacting 
outer unfilled shell and a core). 


an be treated as a system consisting 
particles (for example, several shells or an 


Then, if the lifetime of the nucleus in the 
rotational state is short compared with the time necessary for transfer of angu- 


lar momentum from one particle of the nucleus to another, the rotational states 
of nuclei can be realized in different ways. The wave functions of such states 
are not the eigenfunctions of the nuclear Hamiltonian even if one neglects the 
interaction of the nucleons with the electromagnetic field. Possibly an analo- 
gous situation obtains also in the case of other types of collective motion in 
nuclei (for example, oscillations of the nuclear surface). 
It is logical to assume that most readily excited are rotations of the sur- 
face parts of the nucleus, which, in the case of nonspherical nuclei, then parti- 
ally draw the internal parts (core) into rotation. Hence the expectation value 
of / is comprised of the moment of inertia I, of the outer (unfilled) shells and 
the moment of inertia , of the core. The last may obviously be regarded as "hy- 
drodynamic"’. For the moment of inertia of the outer shells we can write 


fy = NepepMR?, 


where ".p¢ is the effective number of nucleons in the unfilled shells, partici- 
pating in the rotation, M is the mass of a nucleon, and RA? is the mean square 
of the distance from the axis of rotation to the said shells. Inasmuch as the 
angular momenta of the outer nucleons are on the average rather large, it may be 
assumed that these nucleons are located primarily on the surface of the nucleus, 
i.e., 1 m3 Neff 
LS eA L355)? 
where /.)) is the "solid body" moment of inertia of the nucleus, and A is the mass 
number (the factor 5/3 is equal to the ratio of the moments of inertia of a hol- 
“low sphere and a solid ball with equal masses). If the number ny, Of nucleons in 
the unfilled shells is small and the nucleus is greatly elongated, the coupling 
of these nucleons with the axis of axial symmetry of the nucleus will be greater 
than the coupling with each other and they will all participate in the rotation, 
i.e., "opp = N,; analogously, if these shells are almost filled, then ".pp=", 
the number of "holes'' in them. Hence for sufficiently elongated nuclei we can 
approximately set 


Nope min (74, Ny) P + min (n,, M)N, (1) 


where the indices P and N pertain to proton and neutron shells respectively. 
Further, inasmuch as 


: | Tey = = MrfA’” (4 + 0,318 + 0.4488 +++ +); 
: he 0,358Mr%, “Ape (4 — "eft) (4 — 0 (82), 


where ryA¥? is the nuclear radius, and B is the deformation parameter related to 
the interval quadrupole moment Q, by the formula 


Qo = Fens (1 + 0,168-++---) 
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(r,A*® is the radius of charge distribution in the nucleus), we have 


T= 2 Mr2A’* In, pp(d + 0.31 B—0.10 B? +...) + 0.537 ABE + -- -L (2) 


The value of the energy of the first excited rotational level (E2,) theg = 
= 3n2/J, calculated by means of (2) (for ™ = 1.35-10-3 cm and 7, = 1.2-107* cm) 
for even-even nuclei* with a clearly pronounced rotational spectrum are listed 
in the accompanying table. The values of Q) are taken from Townes! Handbook! 
Comparison with the experimental energy values (E2+) exp: taken from Seaborg's 
table”, shows satisfactory agreement despite the approximate nature of the initi- 


al assumptions. 


Comparison of the experimental and theoretical values of the moments of inertia 
(first rotational level energies) of even-even nuclei 


S| H 
Qo: 10%, G4) (Ee E» 0° 107, zi : 
Nucleus | “sae || 8 2 theo || 2t exp, Nucleus pea 6 |" 2theo irae exp 
12Mg4 g| 1540x | 1368 || wY¥b!7 | 7,4 |0,30/30] 83 84 
x Yor 7,0 |0,28/32} 80 79 
=i 7,0 |0,28/34| 75 7 
goNato | 4,7 |0,25/18} 150 134 Yb | 7,0 |0,28/32| 78 oi 
som? | 5.5 |0,27/20| 132 422 Hf | 6,9 |0,27/32| 80 88 
Sms | 6,0 |0,30/22) 115 82 Hrs | 7,5 |0,29/30/ 84 93 
Gd | 5.3 |0,25/22| 125 123 Hse | 7.0 |0,27/28] 87 93 
Gd8° | 7,9 |0,37/24] 94 89 || .4W8 | 7.1 10.26/26) 93 100 
Gdiss | 8.2 |0,38/26] 86 79,5 wis | 6.5 0.24124 102 111 
ssDy | 6,7 |0,30/28} 92 84 wise | 6.4 |0,23/22| 140 123 
Dy! | 8,0 |0,35/30) 80 81 Os! | 5.5 0.20/22} 116 137 
Dy | 9,0 |0,39/32| 74 73 Ost® | 5:4 10.18/20) 129 155 
esErie4 | 6,9 |0,30/28/ 90 94 goTh?? | 7.0 0.18/24, 93 50 
Eres | 7.5 |0,32/30/ 82 80,6 || oU288 | 10,3 10,26/30| 66 45 
Eres =| 7.5 (0.32/32) 77 80 : ane 
Fria | 7.5 |o,34134| 74 79 


The appreciable deviation between the experimental and theoretical values 
of Eg; in the case of the heaviest nuclei (U and Th) can apparently be explained 
by the fact that in these nuclei the nucleons of the core become involved in the 
rotation to a greater extent. Somewhat strange is the relatively great divergence 
between the experimental and theoretical values of Eo, for sm154, 

It must be noted that the given nuclear model does not explain the fact that 
the moments of inertia of odd nuclei are approximately 20% higher than those of 
even-even nuclei. According to the present model, there may in principle exist 
rotational states differing from the rotation of the surface nucleons considered 
here (for example, as was shown by Khokhlov’ there can apparently exist rotation- 
al states with J >J/,,/14 even in the case of spherical nuclei). It is, however 
difficult to detect such rotation in closed shells inasmuch as it can be excited 
only either in direct encounters with fast particles or in reactions accompanied 
by a substantial change in the nuclear structure, and in such cases it is diffi- 
cult to distinguish the rotational states against the background of other forms 
of nuclear excitation. 

In conclusion I desire to express my dee ratitude to A.S. - 
kin, I.M.Frank, Yu.K.Khokhlov and ereahat eee valuable Prmmente ae 
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*It is assumed that the shells close for the magic 

num : 

Sy Po EES g bers of nucleons; 8, 
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CONTRIBUTION TO THE THEORY OF SUPERFLUIDITY OF NUCLEAR MATTER 
- B.B. Dotsenko 


Recently the concept of nuclear matter has been employed fairly widely in 
the theoretical investigation of the fundamental properties of nuclei.1,2 By 
nuclear matter we understand an aggregate of nucleons occupying an inf 
ume, wherein the nucleon density corresponds to that within heavy nucl 

assumed that the properties of nuclear substance in small volumes deep 

heavy nuclei (where it is possible to neglect the influence of the nucl 
face) are fairly well approximated b 
nuclear matter. 


It has been shownl,2,3 that, in spite of the strong two-body interaction be- 
tween nucleons, the model of a gas of weakly interacting fermions can be applied 
to nuclear matter. The effective mass of these fermions is assumed to be approxi- 
mately half that of free nucleons (a self-consistent field is introduced). 

However, it has also been shown4;5 that a system of fermions with weak two- 
body attraction may form a kind of condensate of pairs of particles with equal 
and oppositely directed momenta and spins and of the Similar pairs of holes, at 
temperatures close to absolute zero. As regards properties, this condensate is 
to some extent reminiscent of superfluid liquid He4. ; 

In connection with this there is a sound basis for the hypothesis of N.N. 
Bogolyubov that nuclear matter constitutes a concrete example in investigating 
the superfluidity attributes of fermion systems by the new theoretical supercon- 
ductivity method proposed by this author (see Ref.4, p.30). 

In order to apply this method, we consider the following model Hamiltonian 
for a system of fermions having spin o and isotopic spin t*; 

+ 
(if i {E (k) —} os ee = >, T(k, Pyne 6;, 14k, 62, t4_ 


k,o, t (HSK 6, 1o"5 05") 


inite vol- 
ei. It is 
inside 
ear sur- 
y the properties of equally small amounts of 


, +a Bo 
’ 
KIC GN OMe Tt: (1) 
2 2 1 1 


where /(k) is the energy of a particle with momentum /(i=1), } is a parameter 
having the significance of the chemical potential of the system and in the normal 
‘state equal to the Fermi energy, and /(k, k’) =I (k, —k; k’, —k'| a, 99; O71, /Ool tis ta) yt) 
is the essential part of the interaction between the particles, which leads to the 
formation of the superfluid condensate of nucleon (and hole) pairs with opposite 
momenta and spins or isotopic spins. 

In straightforward application of perturbation theory, divergent terms will 
appear in the resulting series, connected with the production of the above-men— 
tioned pairs of particles and holes. Therefore we must go over from the creation 
and annihilation amplitudes pare and dx,c,. for real particles to the amplitudes 
for the new quasiparticles, having the significance of elementary energy excita- 
tions: ae and %k,o,r This is accomplished by the canonical transformation: 


+ + 
Agork,o, t = UKNk, —o, —r + 26VK%K, 6, — + Arp ioeK, —o, tT Aary fOr, Cac (2) 


Matisfying the conditions of orthonormality and single-valuedness (see Appendix 1 
in Ref.4). In this new formulation we are no longer restricted by the requirement 
that the number of particles remain constant. 


*For a small volume of nuclear matter one can disregard the Coulomb forces 
d take account of the nucleon charges by using the isotopic 
between nucleons an ea egek phar a eee 
spin formalism. The present work differs from that of Solov'ev y 
in explicitly taking into account the isotopic spin. 
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Inserting (2) into (1), we obtain a new expression of 272 terms for the 


Hamiltonian. After application of perturbation theory to this Hamiltonian, there 


appear in the resulting series divergent terms, corresponding to the creation of 
pairs of quasiparticles with the same momenta. To eliminate them, it is neces- 
sary to select the coefficients of the canonical transformation so that the total 
contribution of these terms vanishes to the appropriate order (in our case, the 
first). This is the essence of Bogolyubov's compensation principle. Proceeding 
according to this principle, we obtain two basic equations for the coefficients 
Ux, Vx, Px, and X;: 
2(E(k)—0)} (ur LY,) (% FE) — DL YU Ea)? Oe Ee) Ce F Pe) — 
m 


= (0, FF}? (Wy xy) Oy Fe) = 0+ (3) 


In deriving these equations, we use the charge independence hypothesis: 
I(n~n) =I (p~p)=1(n~p) =1(k, F’); (4) 


here I(n~n) is the interaction between two neutrons with opposite spins (spin 
singlet), I(p~p) is the same for proton pairs, and I(n~p) is the interaction 
of a neutron and proton with parallel spins (spin triplet). 

We seek a solution of Eqs.(3) in real functions,* Writing 


Un +Xr=2e3 Ver—PR=Yri Vet Pr= Ze; Un—Xk — Vhs 


we obtain 
1 ; 
2 (k) tryn — = (k, k’) (2% — yh) try = 0, (5) 
k’ 


&(k) = E(k) —i. 
From the conditions of orthonormality and single-valuedness we have 


a2 + y? = 1. (6) 


Analogous relations are obtained for Z, and wx. We solve equations (5) fol- 
lowing Bogolyubov4 and obtain the "trivial" solution 


coi eerie is tie tka 
sail bie (6) eek if E(k)> (7) 


and the nontrivial solution 


a = ot] fe rEw y/ BEE 
5s (k) Ya = = se ikich (8) 


*A solution also exists, when u, and x 

x are real, and % and ? are imagin- 
ary (and vice versa); but since these cases lead to the same results, we shall 
not consider them. The case when 4», %, ?; and x, have both real and imaginary 
parts simultaneously different from zero will be considered separately. 
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e(k) =VC (Kh) +E (mh); 
C (k) = 0 [K (k, kp)/K (kp, kr)|exp(—1 9) 


? 


2, K (kp, ky) esl 
Ome Ee KR) = oh \ I (k, k’) dt; 
LCOS (k, k’) <2) 
— 4 a [/E (hp, bY) \2 42 (k’ — kp) E’ (kp) 
ands se) alt (ip, Bp) ) 92, [E() Egy) I 2E" (he) |! — hp | dh’ 
) EE’ (kp) = (dB fdk)pex.. 
Further, ol my 
Phen We= Te, Ze= tyne 
Xk 0, a — oe ° me 
Basolig Seal ; rhc m= P= | bp cL Ber baet (10) 
(Ley We = — 2p, 0 — Xe, Yr= — 2x 
We now find the energy of the ground state of our system; we have 
Eo= (CoHC,) = 45\{E (k) —} (vive + 949K) — 
4 
—> L(k, ke’ So : eS Sev dey a 
Me (4, A’) (ay, — Xi.) (Wi, PX) (Uy Py — GyXE,) (U3? — PuXa I (11) 


whence, taking into account (7), (8) and (10), we find that the difference be- 
tween the energies of the normal and the superfluid ground states 


Ey” — ES) = 2) {e(k) — E(k) + Er} (12) 
k 


is always positive, i.e., the superfluid state is more stable than the normal and 
is therefore realized (Ey is the Fermi energy and C, is the "vacuum"wave function: 
Akarl == 0). 

: Analogously we find that the energy of a one-fermion elementary excitation 
is + Ke 

Ee = (Cotxy+Hon44+Co> = & (kh). (13) 


For the superfluid state, we have 
EY =e (k) = VC? (k) + {E (B)— Evy = V C2 (k) + (ES Y, (14) 


i.e., the energy of the one-fermion excitation is separated from the superfluid 
ground state by a gap given by the nontrivial C (A). 

Further, in considering the case corresponding to very heavy nuclei, when the 
chemical potential 4, of the proton subsystem differs substantially from the chen- 
ical potential }, of the neutron subsystem, it turns out that when one imposes 
’a definite relationship (taking into account the inequality 4n4A,) on the ampli- 
tudes @p and 42, the factors multiplying I(n~p) in all corresponding terms vanish. 
From this it follows that for the case of different proton and neutron densities, 
when (0H /0i,) =Z= (0H /0hm)=N, the superfluid state is apparently realized sepa- 
rately for the proton and neutron subsystems (also see Ref.8). However, strictly 
speaking, this case is not an equilibrium one and should be regarded merely as a 
quasistationary approximation. 

I desire to express my sincere gratitude to N.N.Bogolyubov for suggesting 
the subject and for his interest in the work and valuable comments. I am also 


Rea RAPA DY 
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grateful to A.M.Korolev, A.F,Lubchenko and other colleagues for support and use- 
ful discussions. 
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STATISTICAL THEORY OF THE NUCLEAR POTENTIAL 
IN THE “EFFECTIVE mass" APPROX IMAT ION 


- L.Rapoport and S.Kadmenskii 


It has been shown in a series of theoretical papers!-5 that if we neglect 
the Coulomb repulsion, an arbitrarily large number of nucleons form a stable sys- 
tem with an equilibrium density p=1.72 x 1038 om-3 and a binding energy of 15 
Mev per particle. Such a system has been given the name "nuclear matter". In 
nuclear matter the nucleons move as independent particles, that is, the potential 
energy of a nucleon does not depend on its position but does depend on its veloci- 
ty. This velocity dependence is most frequently expressed in terms of the "ef- 
fective” mass of the nucleon. One of the principal differences in treating the 
properties of nuclear matter as against those of an actual nucleus is that for 
the former the effect of finite size is neglected. In the present paper we shall 
discuss the depth and form of the potential acting on a nucleon within a nucleus, 
and also the magnitude of its effective mass and the dependence of this mass on 
the distance of the nucleon from the center of the nucleus; the finite dimensions 
of the nucleus and the Coulomb forces between the protons are included in this 
calculation based on the statistical theory of the nucleus. It is found that the 
protons are included in this calculation based on the statistical theory of the 
nucleus. It is found that the "self-consistent" potentials have the usual form, 
i.e., the form employed for instance, in the nuclear shell model. The magnitude 
of the effective mass obtained is approximately the same as for nuclear matter. 
The general form of the potential, which depends on position and momentum, can be 
expressed as a generalized non-local potential, representing the action of the 
entire nucleus on the nucleon. 


1. Derivation of the velocity-dependent potential from 
the statistical theory of the nucleus 


Consider the general statistical theory of the nucleus. If the n-p, n-n and 
' p-p interactions, respectively, are expressed in the form 


Une Pane) (rae Te), (1) 
4 aa 
Vine I aGs)s (2) 
1 ae 
Upp’ = — = (pp) (39’), (3) 
where ieee 
: hay uf —_ i k 
aang ds ( aera E 
and Pp is the operator which transposes the coordinates, Oe ae and _¥ is the con- 


’ stant of the force law, then in a calculation of the interaction energy between 
“identical particles only the exchange part remains. With this the binding energy 
comes out correctly. ® 
Under the usual assumptions® for a statistical calculation, the exchange po- 
tential V,, of one neutron with all the nuclear protons has the form 
’ 2 
4yf 4 (Pepi) PG 
CEO al Ores a Be ater are 


ngs a 12 Puy — P 
Pup 0 


h 
where Pup is the maximum momentum and Po =77_.- 
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The interaction potential (4) depends on the coordinates (thru p,,) and the 
momentum p of the neutron. In the final analysis, the dependence on the distance 
from the center of the nucleus is expressed by the proton density distribution 
Pp(r), which is related to Pup by 

Pap = (32?) "0". (5) 


2n¥ p 
Below, in place of Pup we introduce the dimensionless function 


On = Pup Fa (6) 
Po 


For small momenta, we can represent the potential (4) as a series in the 


parameter abene 


. we | and separate the spatial dependence from the momentum de- 
up 


®nPo 
pendence. We limit the expansion to the second power of the parameter, and find 
8 oP 
Vin (re py Se S| ore arct o,—-— =, |. (7) 
np h [ p g p app [1 + of) 
In an analogous fashion we obtain the exchange potentials of one neutron 
with all the neutrons V,,(r, p) and of one proton with all the protons Voo lepine 


: Be at 
2 On P 
Vian ’ ea es tre] a t rer = | ? 
(r P) h On arclgs On 3p? [4 - wo]? (8) 
3 72 
2 On P 9) 
Viste, = — “iF a earl —-—*__ |. ( 
pp ( p) h Op arc g Op 3p? [1 = wo) 


Using (7), (8) and (9), we can get the general potential acting on a neutron 
in the nucleus. Here the spatial and momentum dependencies are separate from one 
another. Keeping in mind that we will later substitute this potential in the 
Schrédinger equation, we write V,(r, p) in the form 


n (7) a A 
Var, p) = Vale) appt p heap pees (10) 
where 8 mn 
Va(r) =— the {p + ed arctg Wp ae arelg onl (11) 
and 3 3 
es 4 ©p ®n 8y p 
a(r) =— — ——-__} —* £9 
Pn (1) 3p5 F -- of)? + 4[4+ or Lee (12) 


We get an analogous formula for V,(r, p): 


‘ Py (7) r 
V(r, p) =Vp(r)— hs a te ony gi (13) 


The expressions for V,(r) and ¢,(r)differ from (11) and (12) by the interchange | 
of ©, and rn. 

At present the functions ©,(r) and © )(r) in Eqs.(10) and (13) remain arbitrary. 
The choice of these is defined by the requirement that the correct binding energy 
per nucleon result, i.e., by the "self-consistency" requirement. Accordingly, we 
write an expression for the total energy of the nucleus as a function of RY: 


E=&,+£&;+ E,4+£E.+ Ep, (14) 


*The Coulomb interaction will be taken into account below. 
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where E, is the Fermi kinetic energy of the nucleons, 
gy, which takes into account the finite size of the nucleus, EF, is the total nu- 
cleon interaction exchange energy, E£. is the repulsive Coulomb energy of the pro- 


tons, and Ep, is the Coulomb exchange ener 
gy of the protons. Fol 6 
we choose w, and ©, in the form : ae Se RNa a 


E; is the WeizsAcker ener- 


Op = Op, EXp (— 25 ) : (15) 
0 


where ©), is determined by the normalization condition for the total number of 
protons (Z): 
Wp, = (9r)'* Zia 


and (16) 


Wn = Wn, EXP (— de is ) : 

379 (17) 
where On, = (9x) Nha 
(18) 


(N is the total number of neutrons). 
Minimization of the total energy gives the value of the variational paramet- 


er a; calculation of the binding energy per nucleon and comparison with experi- 
ment allows of determining the constant Y of the force law?: 


Y = Soro» (19) 
where 


Po 4,44: ey 17,0 Mev. 


Besides the purely nuclear potential affecting a proton, there is still the 
Coulomb potential due to all the other protons. If we neglect the exchange part 
of the Coulomb interaction, then the remaining "ordinary" potential will not de- 
pend on the momentum and can be calculated in the following manner 


Seu (20) 


Ha Ohare reer aap 


Invoking (5) and (6) to introduce w, in place of p,(r) and then choosing ©, 
of the form (15), we find 


2e2 wm? 4 a 
Ue (r) = aoe = ® (=) : (21) 
x 
where ® (x) =\e-" du is a Gaussian transcendental function. Here 


~ 2e2 w? 


Uc (0) a es . (22) 


The total potential acting on a proton in the nucleus is now given by the 


sum 
Vp(r, p) from (13) plus %(r) from (21) and (22). 


2. The effective mass approximation 


With the help of formulas (15) and (17) the explicit form of the potentials 
acting on the neutrons and protons in the nucleus is fully determined. In the 

- present approximation the momentum dependence turns out to be quadratic. There- 
fore we can introduce the approximation of the radial effective mass of a nu- 
cleon, reflecting the interaction of the given nucleon with all remaining nucleons. 
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By considering the relation 
baler ee PP RS ean fe Nasi Rta ab tl 
(0? aq bap P+ PAP) +V(r p= = (areP Ears tears) eo 
we find the following expression for the ratio of the effective mass M* to the 
actual mass M 


res aS = 11 2Me ys. (23) 


Invoking (11) and (12), we find for the neutron 


3 3 at 
ee r at ey op Lane || (24) 
eet se | 4[1+ 0? |? 

For the proton Y, has an analogous form, with n and , interchanged. 

Fig.1 shows the variation of the ratio M/M* with the distance of the nucle- 
on from the center of the nucleus for a nucleus with A = 126. As will be evident 
from the figure, the effective masses of the neutron (curve I) and the proton 
(curve II) virtually coincide. The strongest momentum dependence of the potenti- 
al V(r, p) occurs for the medium distances of the nucleon from the center of the 
nucleus. 


For comparison with the 
results of earlier studies, we 
calculated the average value 
of the effective mass for a 
standard nucleus with A = 126. 
By averaging the expression in 
the brackets in Eq.(24) over 
the nuclear volume according 
to the formula 


MMT 


M of a neutron (curve I) and a proton (curve II) TH (1 + w2)? 1 4(1+ 07)? 

to the "effective" mass M* for a "standard" nu- ‘ 

cleus with A = 126 as a function of the distance and by choosing the parameter 
from the center of the nucleus. a= 0.509, corresponding to 
A = 126, we obtain 


Fig.1. Variation of the ratio of the actual mass 1 ( | oF On 


40 = Oot. 


This value of ¥ is close to the corresponding value deduced in Refs.3,4 and 
7 for "nuclear matter". ; 

Plots of the variation of the potentials V,(7) and V,(r) with the distance 
from the center of the nucleus are given in Fig.2, from which it will be clear 
that the potential acting on a neutron (curve I) has the form usually assumed in 
the nuclear shell model. The potential acting on a proton (curve II) differs 
from that acting on a neutron in that it is higher at the center of the nucleus 
and has a Coulomb barrier at the nuclear surface. The figure also shows the form | 
of the nuclear exchange potential (13) for a proton (curve III) and the Coulomb | 
potential (21) for a proton (curve IV). 

For heavy nuclei the choice of a single-parameter dependence for pn (/ : 
to be rather crude. As was shown in our previous pee ay eee 
result is obtained with the following form for the density distribution, which 
now depends on two parameters, namely, 0) and Ro/R: } 


=*909 = 


BK, Mev 


lo 


aU 


UTA 


=150b 


-180 


-210 
-240 
S270 


Fig.2. Variation of the nucleon potential energy with the distance from the center 
in a standard nucleus with A = 126: I - neutron; II - proton; III - proton ex- 
change energy; IV - proton Coulomb energy (all the above were calculated for the 
density distribution given by Eq. (15); V - neutron potential (calculation based 

4 on the density distribution given by Eq. (25)). 


OplOrirn=iits 
(25) 


= {0 exp |— (" =)] for R, <r. 


The potential calculations in this case were made by means of the same formu- 
las as before, but now, owing to the presence of a plateau of constant density, 
the general form of the potential is significantly closer to actuality. <A graph 
of V,(r) (curve V) for a "standard" nucleus with A = 126 is given in Fig.2 (the . 
necessary parameters were taken from Ref.8). It will be seen that this potential 
best approaches the potential usually postulated, namely, a well with eroded edges. 
An ebtimate of the average effective mass in this case leads to { = 0.77 for A = 
= 126. 

( The distance-from-center dependence of the nucleon mass in the statistical 
model indicates that here the nucleons are "quasinucleons". The maximum Fermi 
energy for such "quasiparticles" near the nuclear surface (Figure 1) ought to be 
approximately twice as large as that usually assumed in such calculations. It 
is possible that this effect may account for the high-energy nucleons, that are 
invoked to explain such reactions (occurring at the nuclear surface) as, for 
‘instance, "pick up”. If this is so, it is not necessary to postulate a strong 
‘two-body interaction within the nucleus, as was done, for example by Brueckner, 
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ON BETA-DECAY OF NEUTRONS WITH ORIENTED SPIN 
~ B.K.Kerimov 


In this study we use the theor 
calculate the angular asymmetr 
the electrons formed in B-deca 
wave functions in the interact 
ticles are given by the soluti 


y of Dirac particles with oriented spin to 
y and the degree of longitudinal polarization of 
y of free polarized neutrons (N—>p+e-+-y). The 
ion Hamiltonian representing the free Fermi par- 
on of the simultaneous equations 


(HH TEV Mh) d=0 F_.\yuo, q 


where % = pio, ps are the well-known Dirac matrices, 


a a 


operator [> , which characterizes the longitudinal polarization of the spin 


Ss is the eigenvalue of the 


(s=-++1), and p=ik is the momentum of the particle. 

In such treatment of B-decayl, in distinction to the consideration in the 
works of other authors2-4, the interaction Hamiltonian is written as a sum of 
only the S, V, T, A and P interaction terms with coupling constants Ci; it does 
not explicitly contain terms with the pseudoscalar factor  ; and the correspond- 
ing coupling constants Cj. The formula w(8, se, s>) for the angular distribution 
of the decay electrons contains, in addition to the usual terms, terms propor- 
tional to Se and s;, which characterize the longitudinal polarizations of the 
electron and antineutrino spins. We shall show that V + A forms of coupling al- 
low of the decay of a polarized neutron with emission of an antineutrino with 
spin parallel to its momentum, s;=1 (the antineutrino with positive helicity 
considered by Sokolov!;5 and Feynman & Gell-Mann®) , while S 7 T type coupling 
leads to the antineutrino having its spin antiparallel to its momentum, 5;=—1 
(the antineutrino with negative helicity of the two-component theory). It would 
appear, therefore, that V - A interaction is consistent with the latest experi- 
“mental data on the decay of polarized neutrons. 

The interaction Hamiltonian, leading to the B-decay of a free neutron, 


np ++ e -- y (2) 
may be written as 
Hi nt= SC; (bp Orn) (bE O54,), (3) 
j 


where j equals V, A or S, T; 


Oy — Ay = (ice, Ty On = op, =S (c, ipy); - 


4 u| Hid) ee > => 
Os = fs; O7 = Vr Cny = Vz (Pse 1Pac); % = pyc, 


The coefficient C(t), characterizing the probability for the transition (2), 
is defined by the formula 


t . es 
Cy (t) = — = Yi) at \ Cs 8 Ospn) (FE Osds) (Ar). ws 
j 0 
We choose the wave functions of the free neutron (x), the proton ($p), the 


‘electron (//) and the antineutrino (4) in the form of plane waves. The neutron 
‘decay probability per unit time is then given by the expression 


> ’ 
> IEF 3) . — yo > x = : = z> zr <2 a s37 - 
vi aK dQ,dQ, = a Us \‘ ) Cs \- = =a =) Re (AA..— AF - P.dK dQ gQ... (5) 
where |ReP= ¥ €;CF @ OF abe 0:5) (& OF 6,5, O,). (=) 
= V, 4.0m S77 
Here 6,=ba(Ke Se Sas Sp=bp(Ke. Se Se) h=h(k. Ss. =} and &=4& (1 s. 5) 


are Dirac spinor amplitudes for the neutron, proton, electron, and antineutrino, 
respectively. The quantities 5: S., and § Getermine the sigm of the emerey tor 
the corresponding state. Im the case of neutron decay =.=—s;=s=—1, s, = — 1). 
The wave vector of the antineutrino is l=s,k,——k. jl/=/k./; the wave vectors 
of the neutron, proton and electron are equal to k,.k, and E., respectively. The 
quantity S;=2! (@=2,),e0r ») characterizes the component of double the spin 
moment = parallel and antiparallel to the direction of the particle of momentuz; 
for s,={ the spin is parallel, while for s;——1! it is antiparallel to the parti- 


cle motion. Further, AX,,=Ka—Kz As=V28+8&,, *e= —=— is the proton rest 


” 


mass; K.=VR+8, = is the electron rest mass; *%.=—AX.—X. Here and 
below we assume that the neutrino rest mass is Zero, i.e., that A.=—4 We will 


consider the neutron to be at rest: k,.= 0. A.= 4m= 
According to Sokolovl, the matrix elements for the decay process, taKing in- 


to account the longitudinal polarization of the particles, are calculated by the 
following formula!,?: 


i~ ae, =: =~) ee 7 ~ a a >. ~ _? - - q 
(Taw? Ta =O i(k, Ss, §) tv OK, s', =) = Sy =) 7,0. Ss, =) = 7 Sea Sve (@ 
where ~ 
. ae i 7 & 2 *\ : & 
Para = | SPR (Lt os's Stee =e, (tases az): 
- 4 


Too = 2% = %9,(8, v= i, 2, 3, 4) are Dirac matrices; % = &=—/; cS. RB is an 
arbitrary unit vector. In Eq.(7) all primed quantities refer to Fermi particles 


m, € 


with rest mass k= =. and unprimed quantities to Fermi particles with rest 


mass k= >. 

We make a non-relativistic approximation for the nucleons. Then for the 
Vv +A and S +T forms of interaction, we find, from (6) and (7), the following 
ee: for |X. (with fixed orientation of the electron and antineutrino 
sp 3 


Wea Pee 
_& Reha a (tse) dGr, cP ss, G8) + 


== 

+ [Car + ss; (RES) + 2sas- (ERY) + 2.5, EE) + 

+ (Cig Cart Cy, s - Cir) (se ELE —s.s- ERY) — 
—i(CisCar—Crs Ci. 7) eS 5-2 DZD). | ©) 


~ 
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Here S,—=s,k, is the neutron spin vector, which we take along the z-axis (sn = 1); 


; k 
J is a unit vector; k?=—% with G=e, 


ky v,N represents a unit vector along the 


“a k 
momentum of the particle. In the factor (1+ Se Ss e). the upper sign refers to 
V +A interaction, the lower to S + T interaction. 

The last term in Eq. (8), 


describing the correlation of the three vectors 
Sn, k> and k, (or sp, S> and s,), 


(s, [k- k,]) 
O_ = Do (Sn [85 Sel) Do aaa a ee ’ (9) 
where s>= s-k°, Se=s-k?, and ' 
Dy =—i(C¥ sCa, 7 —Cy,sCi,1), (10) 


will be non-vanishing if the coupling constants C; are complex quantities. The 
presence of the term (9), as was shown by Lee3 and Jackson et al4, would mean the 
breakdown of time reversal invariance for the B-decay Hamiltonian. Recent experi- 
ments® on the B-decay of free polarized neutrons give a value of -0.04 + 0.07 for 
the coefficient D) in the second term of (9). Integrating (8) over the antineu- 
trino angular variables, we obtain the following equation for the angular distri- 
bution of the electrons from the decay of free polarized neutrons at rest: 


w(0, Se, S—) = \ = | Rey |? dQ, = va sr {1 Sam AST s cos $+ s, (ny ST cos 8 =F s- =)\ an 


8p=t1 
Here @ is the angle between the neutron spin and the electron momentum: 
cos § = sy (kn ke) = (8nk8); 
Iva,sr — Cy sP a Searels 


4 
my Po (Ca. Pt Cys Ca, r+ CF, 5-Ca, qT). (12) 
For the degree of longitudinal polarization of an electron emitted at an 
angle 9 to the neutron spin, we find from (11) 
% 


[w (8, So, s-)]s,—1—[v (8, ee $)] 4 ees oe cos 6 -F s— e 


0, #,5-2-)], = By fe Fle ; 
[w (8, 8, 8-)]g—1 + [v (8, se, 8)]5,——4 1F nga. sr .s_—* cos6 


Summing (11) over the electron spin states (5), we arrive at the electron 
angular distribution 


ss % 
w(8)= J} w(8, 88>) = Qnty, gp (1 te wre COS z) (14) 


8e=+1 


In Eqs.(11), (13) and (14), the upper sign pertains to V + A coupling, the 
lower to S +T. An antineutrino with positive helicity is described by s-—1; 
one with negative helicity by s,=—1. 

Present-day data on the decay of polarized neutrons give an electron angular 


distribution? of the form 
Ve 
Wexp (6) =1-+ a— cos 6, (15) 
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where @‘= -0.11 + 0.02 (Ref.8). For the correlation between the antineutrino 
momentum and the neutron spin the data give 


w=1+b(spk2), b= + 0.88, 


C 
Taking into account that aa =}, where }>0O for V - A and S ~- T coup- 
‘VAS 
ling and |\| = 1.2 (Ref.9), we can conclude from (14) the following: 


1) In the case of V + A interaction and an antineutrino with right-handed 
polarization (sz=1), the coefficient 2% of the angular correlation between the 
electron momentum and the neutron spin is 


a= —7V4.s- = —1; 
while for an antineutrino with left-handed polarization (ss =— 1), 
= +1. 
C © 
2) In the case of V - A interaction (zt =—1.2 and an antineutrino with 
V 
s;=1, the coefficient a= —7VA.s- = —0.09; in the case of an antineutrino with 
a= + 0.09. 
3) For S$ +T coupling a= 7ST.s-= +1 for s-=1,and a=—1 for s =—i1, 
4) For S - T coupling a=7$7.s-—0,09 for 5; =1,and a= —0,09 for -;=—1. 


From this it is clear that V - A coupling with a positive helicity antineu- 
trino (s;=-+1) is consistent with the experimental results for the decay of 
polarized neutrons. 

I wish to thank Prof. A.A.Sokolov for helpful discussions. 
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PRODUCTION OF ELECTRON-POSITRON PAIRS IN THE COLLISION OF 
TWO POLARIZED GAMMA-RAYS 


~ F.S,Sadikhov & B.K.Kerimov 


| As is known, experiments on nonconservation of parity in weak interactions 
have demonstrated the occurence of longitudinally (circularly) polarized elec- 

trons, positrons and 7-Yrays in B-decay of nuclei. Longitudinally polarized y- 
rays (spin of the y-ray directed either parallel or antiparallel to its momentum) 
occur also in the bremsstrahlung of high-energy longitudinally polarized elec- 
trons.1-6 Moreover, there have been obtained from a 1.5 Bev electron synchrotron 
beams of high energy bremsstrahlung y-rays (Ey = 0.5 to 1 Bev). Thus there is 
definite interest in the question of electron-positron pair production by the 
collision both of polarized and of non-polarized y-rays. 

In the present work we use the theory of Dirac particles with oriented spin 
to calculate the cross section for electron-positron pair production by the col- 
lision of two longitudinally polarized y-rays. We take into account the longi- 
tudinal polarization of the resulting electron-positron pair. 

The cross section (see Eq.(9)) consists of two parts; the first (O,) repre- 
sents the cross section without the polarization effects; the second (o,), the 
cross section associated with the longitudinal polarization of the y-rays O(1y) ae 
= +1), the electron (S_= +1), and the positron (s,= +1). Equation (9) for oa, 
with fixed orientation of the y-ray spins, enables us to consider the dependence 
of the pair production cross section on the state of longitudinal polarization 
of the electron and positron. 

The Dirac equation, describing the process 


y+7'~et+e, (1) 


May be written in the form 
Dy = {U (x) DOU (x') + U (x') DTU (x)} do, (2) 
‘where 


i) h ss 
D aezaks . Sr — F-Pt (8V) — pstroe”, 


and U(x) and U(x’) are the operators for the interaction of the electrons with 7- 
rays having momenta hx and ix’. The operators are given by the expressions 


<8 hi a —icx ine 
U (x)= LY 2 5, (60) ge itt 
and 
ale st er | 
U (x’) poe el". arch ~1 (o ay’) gyve tix r (3) 


x’ 


where Ps (1, ¢ are Dirac matrices; a:=ai(x) and a =a; (x'), respectively, are vec- 
, tors describing the polarization of the y-rays: 
a 1 Qo. ; 0B : ae eee 3 We! 108 . 4 
a= a (8 + al [x B]) ; a] ye B+? [x 8) ; (4) 
l1—=+1; Vv=+1; 


| eet 
8 is a unit vector perpendicular to the momenta of the y-rays; *°=-—- and 


x0 — * are unit vectors along the momenta of the first and second y-rays, re- 
x’ 


spectively. In the case /=/'=1,we have right-hand polarized y-rays (spins 


= 916 = 


parallel to the momenta), and in the case 1 —l'=—1, left-hand polarized (spins 
antiparallel to the momenta) . 


> 


The amplitudes = 8: (*) and g,, = ev (x), connected with the number of 7-rays, 
satisfy the relations 


ck NSPS gig, =o. . 
ere) Ils S 81 Lye (5) 
i i 


The function % describes the initial state in which there are no electrons 
and positrons, and the function ?2, the final state in which there is an elec- 
tron-positron pair. These functions are chosen to have the following form 

ape lie Da b (k, s, — 1) eteKt—ter; 
K 
dase Ley Ccinstnliat) B(Kais eae min (6) 

- 
here p=—/hk and p’ = hk’ are the momenta of the_electrons with negative and posi- 
tive energy respectively, K=Vi? + k?, Ki'=Vk? +k, ky = 7 ;b(k, s, — 4) and 
b(k’,s’,1) are Dirac spinor amplitudes for the electrons with negative energy and 
with positive energy. The quantities s=+1 and s’=+1 characterize the polar- 
ization (spin parallel or antiparallel to the momentum) for the electron with 
negative energy (¢«=—1) and with positive (e° = 1) energy. 

By using Eqs. (2)-(6) and by applying the method of separation? on the opera- 
tor we find the following expression for the coefficient C(k’,s’,1,t), which deter- 
mines the probability for pair formation; 


pe a 2rie? (I pas ee 
O(a) oe ee b* (k’,s",1) RD (k,s,—-1) gig, | ete tet (7) 


0 


where 


Soy =>. arene k ei hs ~< > es 
R = py (2 ay) MB) Paleo, (Gay) + py (oar) PFE (cay, 


We have used the conservation laws in the center of mass system, namely 
AEP Oe ey a 
Re k’ 0. SSS ker k= Kk* (8) 


We calculate the matrix elements R*R with the help of Eqs.(21) and (15) of 
Ref.9, and then set 


kek) ie 'kiy.o =e —_], 
bith eahy) Stas Gees eae 


Thus we find the total cross section for the production of a polarized electron- 
positron pair by the collision of two polarized y-rays: 


het 


C SHDN © Or rm C* (k’, s_, 4, t) C (k’, s_,1,t) =o) + 4 (i, U’, $_, 8.) (9) 


where 2\2 
wT (ta! 
op erga (<7) » (Fy + F,— F3) 
TT 


au (Ll eS. es +(e) [UE (Fem Pak 6 sey oe ly oe ee 
+ ll's_s, (Fy + F,—Fa) + (U4+U)(s_+8,) Fs]. 


—=S 91 je = 


pHere: Vie. fon *- 2c 


7 Ts — zs is the y-ray flux and 
ea ye ee Ds la Ly ak Wis a) 
Fao +o (as) Be Ks | 2 \ ta) 9 

k (3k? + 2k2) iA 2 

Lees re L (se Ka 5x) @ 

F Ske +. 2k? K2 nl 3 sy 

4 ~ “Ke ec ee aol 

k2 kk K-+k 


Here P_—p,—hk is the momentum of the electron (positron). For S41 (Sy1) 
we have an electron (positron) with right-handed polarization, and for s_=— 
(s,=—1) , left-handed polarization. 
From (9) it follows that the collision of two y-rays with right (f=l'=1) 
or left (¢=l’ =—1) longitudinal polarization May produce an electron-positron 
pair with either right-handed (s_=s,=1) or left-handed (Seas 


=-—1) polariza- 
tion, although with different probabilities. Such collisions, however, are not 


able to produce an electron with right-handed (s_=1) polarization and a positron 
with left-handed (s, = — 1) polarization, and conversely (s_=—1, s,=+1), since 
for these events the cross section goes to zero. As follows from Eq.(9), we have 
the following relations among the pair production cross sections 


2\2 
siapey* = olay" = (Gz): (Fi — Fs + 2); 


4S he 
opt = ofp = (=) TOP ese 
ae or a 0, (12) 
In the ultra-relativistic case, that is, when x>>h,,k>>ko, Eq.(9) gives the 
cross section 


(11) 


Gurer=F (ge) ge (tts 8) Ut 
+(4—W’) [s-s, —(1—s.s,)-($—In =) tin ee te 1) (13) 


This gives the high-energy selection rule, namely, that the collision of two 
right-longitudinally polarized y-rays can produce only an electron-positron pair 
with right-handed polarization, and analogously left-longitudinally polarized y- 
rays can only produce a pair with left-handed polarization. 

By averaging (9) over the y-ray spin states and summing over the electron 
and positron spin states, we find the pair production cross section for the col- 
lision of two non-polarized y-rays: 
= pa a = Ady, (14) 


[Up Mer fae 


We wish to thank A.A.Sokolov for his constant interest in the work. 
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FORMATION OF A HIGH-FREQUENCY DISCHARGE AT LOW PRESSURES 


- G.N.Zastenker & G.S.Solntsev 


Mibaces investigations of electric discharges the fundamental characteristic 
iation of the discharge (breakdown) is assumed to be the ignition voltage. 
the standpoint of elucidating the elementary processes involved in the de- 


petopment of discharges knowledge of this parameter alone is insufficient. This 
explains a number of attempts to measure another 


gee ; parameter characterizing the on- 
set of discharges, namely, the discharge formation time. Investigation of the 


tet variation of the vari- 
ous parameters characterizing the state of the discharge gap. 


The purpose of the present work was to investigate the formation of high- 
frequency (3.3 Mc) discharges in argon at pressures from 0.4 to 15 mm Hg. 


Apparatus and Procedure 


The experimental procedure consisted of ap- 
plying a high-frequency (hf) voltage of constant 
amplitude to the discharge gap and observing the 
ensuing condition of the gas, i.e., recording 
the integral luminous output by means of an 
FEU-19 photomultiplier coupled to an oscillo- 
graph. The advantage of this procedure is that 
by means of it one can detect very weak light 
fluxes, that is, radiation at very early stages 
in the development of the discharge. 

The experimental set-up is diagramed in 
Fig.l. The discharges were initiated in the 
cylindrical glass tube 2 mounted between two 
metallic plates and connected to the vacuum sys- 
tem. The diameter of the tube was 45 mn, its 
length 22 mm; the electrodes measured 70 mm. 


Fig.1. Diagram of the experi- The tube was filled with spectroscopically pure 

mental arrangement: 1) hf pulse argon at different pressures. 

generator, 2) discharge tube, The hf pulse generator supplied pedestal 

3) mercury tube, 4 & 5) light type pulses with a rise time of the second step 
filters, 6 & 7) lenses, 8) appreciably shorter than the duration of the in- 
photomultiplier, 9) cathode vestigated processes. The amplitude of the pre- 
follower, 10) power supply, liminary voltage was always lower than that of 

11 & 12) oscillographs, 13) the ignition voltage under continuous generation 
camera. conditions. Prior to each series of measure- 


The resultant photocurrent pulses dis 
(11) were photographed. 
to within 2-5%. 


ments, we carried out control experiments which 

showed that the discharge formation time did not depend on the preliminary voltage. 
The shape and amplitude of the hf pulses were monitored by means of the I0-4 
oscillograph (12), the accuracy of voltage amplitude measurement being 1-3%. The 


discharge gap was imaged by the lenses 6 & 7 on the cathode of the photomultiplier. 
played on the screen of the 10-4 oscillograph 


The time was measured with reference to the time markers 


In order to reduce the statistical delay time we used the technique of il- 


luminating the discharge gap by a mercury tube. cee showed that this illumina- 
tion had no effect on the magnitude of the ignition nag aa a nea ater 
formation time. The photomultiplier was shielded from the radiation of the mer- 


cury tube by appropriate light filters. 
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A number of measurements were made with simultaneous recording of the dis- 
charge current. To this end we used the compensation circuit proposed by Francisl,, 
which allows of excluding the current due to interelectrode capacitance. The re- 
sults obtained by both procedures agreed. 

The procedure of oscillographic recording of the voltage in the discharge 
gap, which has been used by most investigators, has the shortcoming that the 
voltage variation in the discharge gap is a reaction of the generator to changes 
in load, i.e., depends on the output resistance of the generator at any given 
instant. In addition, measurement of the voltage across the discharge gap ham- 
pers interpretation of the experimental results inasmuch as the development of 
the discharge occurs under conditions of a varying external field. In the pres- 
ent experiments the variation of the voltage in the process of development of 
the discharge did not exceed 1-2%. 

Initially we used the familiar method based on investigating the dependence 
of the ignition voltage on the duration of the hf pulse. The instant of initi- 
ation of the discharge was determined visually, i.e., from the light output. By 
this procedure one can roughly evaluate the formation time, but one cannot inves- 
tigate the development of the discharge and the later stages in which the lumi- 
nous output is still appreciable. 

In carrying out experiments with repeating 
pulses one must make sure that the development of 
each successive discharge is not influenced by the 
preceding discharge, i.e., one must insure that the 
ionization of the discharge gap between pulses de- 
cays to a level no higher than that due to external 
ionizing factors. In this case each discharge will 
100110 be a single discharge in contrast to the self- 
sustaining discharge obtaining at a high pulse re- 
petition rate. 

The boundary between these forms of discharge, 
i.e., the critical repetition rate at which the 


t, Usee 
O.@ 
200207 =F 


273.5 810152030 50 100 200 transition from single to self-sustaining discharges} 
J, CPS occurs, can be determined experimentally by measur- 
Fig.2. Variation of the dis- ing the formation time as a function of the pulse 
charge formation time with repetition rate. The formation time at a pressure 
the pulse repetition rate of 12.3 mm Hg decreases with increasing repetition 


rate above 6 pps (Fig.2) which indicates that at 
rates above 6 pps the development of each succeeding discharge is influenced by 
the preceding one. At lower repetition rates, we have true single discharges. 
We determined the critical repetition rate at each pressure in a similar manner. 
The appreciable duration of the discharge gap de-ionization time is apparently 
explained by processes occurring on the surface of the glass. 


Results 


Typical discharge luminance oscillograms are shown in Fig.3. The discharge 
formation time may be divided into three stages: a weak current stage (AB in 
Fig.3,a) during which the light intensity lies below the photomultiplier response 
threshold, a strong current stage (BC) during which the instruments record rapid 
build up of the light output and discharge current, and a luminance decay stage 
(CD) which precedes the steady-state discharge. 

At low pressures there is a monotonic increase of the luminous output up to 
a certain constant level corresponding to a steady-state discharge. At high 


: 
: 
pressures the decrease in luminance is the more pronounced, the higher the gas 
pressure. | 
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In investigating the 
development of discharges 
an important problem is 
distinguishing between 
the statistical delay 
time and the formation 
time (i.e., the time from 
appearance of a free elec- 
tron to attainment of the 
e sei aecvene’ | Wits steady-state discharge). 
A i us The experimental diffi- 

culty here lies in the 
fact that the initial dis- 
charge formation stages 
cannot be recorded by the 
measuring equipment and 
hence observations yield 
an apparent increase of 
the statistical delay 
time (i.e., an underesti- 
mate of the discharge 
formation time). To get 
around this difficulty 
we photographed on a 
single frame a suffici- 
ently high number (100 
voltage pulses) of oscil- 
lograms of the radiation 
build up in the discharge 
7 (Fig.3,b). The time in- 
eae oh netics terval from the beginning 
] BES of the sweep to appreci- 
able deviation of the 
Fig.3. Oscillograms of discharge luminance output: trace corresponds to de- 


Ea) single pulse, p = 9.6 mm Hg, overvoltage W = 39.5%, velopment of the dis- 


time markers - 10 usec; b) 100 light pulses; same con- charge with very smal] 

ditions as in a but time markers - 1 usec; c) single statistical delays, i.e., 

pulse, p = 2.6 mm Hg, W = 5%, time markers - 10 usec. is the formation time 
(weak current stage). 

As in other types of electric discharges, the formation time of an hf dis- 
charge at low pressures depends on the overvoltage. It with) be seen from Fig.4 
that the luminance build-up time, i.e., the time from beginning of development of 
the discharge to the instant of attainment of maximum luminous output, decreases 
with increase of the voltage above the ignition level under continuous generation 
conditions. The decrease is greatest for the duration of the weak current stage. 
The duration of the luminance decay stage, on’ the other hand, does not sec eects 
the amplitude of the voltage applied to the discharge gap. The results show a 


the duration of the weak current stage is determined primarily by the external 
field applied to the discharge gap, i.e., that space charges play no significant 
role in the development of the discharge during this initial stage. 


The fact that 


the duration of the luminance decay stage is independent of the overvoltage to- 
gether with the absence of this stage in the case of low pressures are evidence 
that this stage is connected with rearrangement of the space (and, possibly, sur- 


face) charges. 
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The results of measure- 
ments at different pressures — 
and with different overvolt- 
ages are shown in Fig.5. The 
pressure dependence of the 
formation time proved to be 
similar to the pressure de- 
pendence of the ignition 
voltage. The right hand 
(high pressure) minimum in 
the curve occurs at the same 
pressure as the minimum in 
the Paschen curve. In addi- 
tion, there is a second mini- 
mum (at lower pressures), the 
depth of which increases with 
increase of the overvoltage. 
Fig.4. Different stages of discharge formation de- This minimum is apparently 
pending on the overvoltage, p = 9.6 mm Hg: 1) weak due to the same factors as 
current stage, 2) strong current stage, 3) build up the second minimum in the 
of luminous output to a maximum, 4) decay of lumi- Paschen curve for hydrogen, 

nous output. i.e., can be explained by 
Fig.5. Variation of luminance build-up time with the increase in the relative 
pressure at different overvoltages (as indicated in contribution of electron 
percent at the curves). drift as compared with dif- 
fusion?,3, 


Fig.4 eh A 


Discussion 


For the purpose of interpreting the experimental results we carried out ap- 
proximate calculations of the formation time. The variation in electron concen- 
tration in an hf discharge at low pressure is given by the equation4,95 


ages 
Ot ae = rem)” 


n (1) 


where ” is the electron concentration, v; is the mean ionization frequency, and 
vVren is the mean frequency of removal or elimination of electrons from the dis- 
charge region. If, following Golant® and Madan et al, we assume that i and 
Yrem do not depend on n and the coordinates in the discharge region and that fur- 
ther they do not vary with time, we can write 


nN = Ny CXp [(¥} — Vrom) eI. (2) 


The assumption that v; and v,., do not vary with time is supported by the 
experimental fact that under our conditions the light flux does not fluctuate at 
the frequency 2w. 

In argon for <y, one can use the "constant current analogy" method*. In 
this case the mean ionization frequency is found as 


Vi = HUQ, (3) 


where «is the first Townsend coefficient and »v; i i 
q is the electron drift velocity. | 
inet ea of the field strength used in the dc case, one can introduce an ett echt | 
field Eorf = Eo//2, where E, is the crest value of the hf field. 
| 
| 
| 


and for a directional electron speed in argon (Ref.8) 


# 


Fig.6. Duration of exponenti- 


experimental data. 
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Under our conditions gman 1 O10sgec~lwandsos 


= 2°107 sec-1; hence,using Eq. 
(3), we can calculate the mean ionization frequency from the ante for 3 (eee a 


The mean electron removal frequency can be found from experimental data on 


the pressure dependence of the disch igniti 
so arge ignition voltage under i = 
ation conditions. At the breakdown voltage ‘ Searpe paaka es 


On 
Ob. (Vi —Viom ) 7 =) (4) 


If the electron removal mechanism includes diffusion as well as departure 
of electrons due to drift, which is taken into account by choice of the diffusion 
length in the discharge gap2,3, then for a given E/p, we can write 


Yroem “fp — CONS. (5) 


From (4) and (5), we obtain 


Fie treme Vif 1 — ———-.)., 5 
Pe ( ) 


here p, is the pressure for which Yrem is determined and p. is the pressure at 
Which vj=—yvrem for the given L/p. 

From (2) and (5), we find that the time required for attaining a given con- 
centration n, is given by 


%( ay (7) 
‘yk (eee 


It follows from the experimental data that for pressures in the region of 
the right branch of the Paschen curve the growth in luminous output is exponenti- 
+ al. Deviation from the exponential law to the side 

exp,sec of slower growth begins to be evident upon approach 
to the maximum. From the oscillograms one can de- 
termine the interval from the instant of beginning 
of discharge formation to the instant of deviation 
of the luminance build-up from the exponential law 
(i.e., the exponential growth time) and then com- 
pare it with the time to attainment of a given con- 
centration calculated by means of Eq. (7). 

The experimental and calculated data for a 
pressure of 9.6 mm Hg are compared in Fig.6. The 
simple theory correctly preducts the variation of 
the exponential growth time with the overvoltage. 
The calculated luminance built-up times differ 
ff 0 20 little with variation of n,/7, in the range from 108 

%% +5 1010, «a similar comparison carried out for a 
pressure of 15.1 mm Hg also showed satisfactory 
azreement between the calculated and experimental 


150 


100 


50 


al growth of luminous inten~ 


sity: p = 9.6 mm Hg. Calcu- data. Unfortunately, there are no data on the di- 
ated curves: upper - ”,/1 = rectional velocity of electrons a8 aren at lower 
= 1010, middie - ”/#= 109, pressures. Moreover, near the ninimumy ing the Pass 
lower - nn = 10°. crosses chen curve and in the region of its left branch, 


the electron oscillation amplitude becomes large and 
hence the equation based on diffusional removal be- 


comes inapplicable. 


AAS 
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It must be noted that the assumption that 4; and v,,, do not vary with time 
is not valid at high concentrations in the later stages of development of the 
discharge. First, space charges and charges on the tube walls build up, which 
leads to transition from free electron diffusion to ambipolar diffusion. Second, 
there occurs a redistribution of the field in the discharge gap so that the field 
in the central part decreases and, consequently, so does the effective ionization 
coefficient. 

However, variations of vj and Yyq, with increase of n have opposite effects 
on the build up time. Moreover, a substantial change in these coefficients is 
evinced only for n 108-102 cem73, i.e., only at the end of the formation time. 
Consequently, the exponential luminance build-up time does not change greatly com- 
pared with that calculated by the simple law, which explains the fairly good 
agreement of theory with experiment (Fig.6). 


Conclusions 


1. The developed experimental procedure is suitable for investigating the 
time variation of different parameters of a high-frequency discharge (the voltage 
on the gap, the discharge current and the luminous output of the gas) in the pro- 
cess of its formation. 

2. The formation time of an hf discharge at low pressure (in the range of 
our experimental conditions) varies from 300 to 10 microsec with variation of the 
overvoltage from 5 to 60%. 

3. The pressure dependence of the discharge formation time is similar to the 
pressure dependence of the ignition (breakdown) voltage. 

4. Theoretical calculation of the duration of the initial stage of discharge 
development, during which the role of space charge is minimal, yields satisfac- 
tory agreement with the experimental data for pressures exceeding 9 mm Hg. 


Physics Faculty, 
Moscow State University 
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INVESTIGATION OF A SELF-SUSTAINING SUPER-HIGH FREQUENCY PULSE DISCHARGE 
IN AIR AND ITS INITIATION PROCESS 
- P.S.Bulkin, G.S.Solntsev & V.N. Ponomarev 


There are two types of super-hi 
discharges, all the processes in whi 
values within the pulse duration, 


-sustaining discharge state. 


gh frequency (shf) discharge: 1) single pulse 
ch are characterized by parameters having 


wi ; i.e., in the range from 0 to Tsec, and 2) self- 
-sustaining discharges, which are commonly understood to be ' 


ly repeating discharges in which all the processes within c 

In investigating the formation of shf pulse discharges 
between the process of formation of the discharge during the 
conditions and establishment of these conditions, i.e., 


‘steady, periodical- 
ach pulse repeat. 

one must distinguish 
pulse under steady 
attainment of the self- 


Most investigations!-8 in the field have had as their purpose measurement 
of the breakdown field strength (or power) and the discharge lag time. In the 
presént work our aim was to develop a procedure for investigating the processes 
involved in the formation of a shf pulse discharge in air at a frequency of 9400 


Mc in the pressure range from 0.1 to 40 mm Hg. 


1. Formation of a self-sustaining discharge during the pulse 
ernest Oe MME Ane tle puise 


Our experimental arrangement enabled us to 1) determine the variation in 

_ amplitude of the reflected wave in the waveguide (the discharge acts as an abrupt 
termination), 2) investigate the time variation of the linear dimensions of the 
discharge by means of an image converter (IC), and 3) investigate the light emis- 
sion from any part of the discharge by means of a photomultiplier (PM). 


Fig.l. Block diagram of experimental set-up: 
1) magnetron, 2) power divider, 3) directional 


coupler, 4) matcher, 5) discharge tube, 6) image 


‘converter tube, 7) camera, 8) detector head, 9) 


26-I trigger generator, 10) GIS-1 syne pulse 


generator, 11) high-voltage pulse generator. 


variable delay for triggering the high- 


unit was synchronized by pulses from th 


supplied pulses to the 26-I generator d 


tion) for controlling the IC. 


The discharges occured on 
the flat bottom of a glass dis- 
charge tube held in intimate 
contact with a flange of the 
waveguide. This arrangement 
provided for better observation 
of the development of the dis- 
charge as compared with spark- 
ing in the waveguide. The dis- 
charge could be observed from 
three mutually perpendicular 
directions through two windows 
in the walls of the tube. These 
windows also admitted the radi- 
ation of a PRK-4 mercury tube 
which served to reduce the 
statistical delays. 

A block diagram of the ex- 
perimental arrangement is shown 
in Fig.l. The operation of the 


e GIS-1 generator (10 in Fig.1). This 
riving the magnetron and pulses with a 
voltage square pulses (0.3 to 1 usec dura- 
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A similar set-up was used in investigating 


the luminous emission of the discharge, except that — 


repetition frequencies a statistical delay is ob- 
served within the pulse. At high frequencies there 
are virtually no delays. Our measurements were car- 
ried out at frequencies for which no delays were 
discernible. Upon the application of an shf pulse, 
there is at first an interval with no detectable 
light emission. There then follows a sharp growth 
in luminous output (Fig.2). The instant of sharp 
increase in luminosity coincides with the instant 


f : tg of beginning of shorting of the waveguide as 
| indicated by a sharp change in the standing-wave 
| ratio. The local light intensity, after build up 
| to a certain level, remains virtually constant to 
the end of the pulse. 
= : At the instant tg there appears on the IC 


L es screen a small spot at the point in the image cor- 
| responding to the maximum strength of the shf field 
(Fig.3,a). The dimensions of the luminous spot in- 
crease with time. The discharge expands in the 

| plane normal to the waveguide axis. The linear 

| growth of the discharge may either cease within the 


fons 
WV’ 


: the emitted light was recorded by means of an FEU- 
-19 photomultiplier with a cathode follower. In 
this case the region of the discharge (cross sec- 
tion area ~5 mm“) characterized by the maximum 
field strength was focused on the photocathode. 

t The appearance of the luminance oscillograms 
T depends on the frequency of the shf pulses. At low 
| 
| 
| 
t 


tes geet pulse or may continue to the very end of the pulse 
CFLS SSED) . 

Fig.2. Time variation of On the basis of measurements of photographs 
the pulse field strength E, of the IC screen we plotted the time variation of 
standing-wave ratio SWR, the linear dimensions of the discharge in two mutu- 
luminous intensity I at ally perpendicular directions; the resultant curves 
the center of the discharge are shown in Fig.4. At low pressures the discharge 
and the linear dimensions dimensions quickly attain a maximum value and there- 
L of the discharge. after remain constant (Fig.4,a); at high pressures, 


i after the instant t, and initial rapid increase in 
the dimensions, there follows a period of slower growth which continues to the 
end of the pulse (Fig.4,b). 


2. Establishment of a self-sustaining discharge 


In studying the establishment of a self-sustaining discharge, we used a cir- 
cuit by means of which we could repeatedly reproduce the process of transition to 
the steady state. Basically the set-up was similar to that described above. The 
principal difference was that in this case the driving generator produced groups 
of pulses, i.e., pulse packets. The packet repetition rate was 50 pps. The in- 
terval between pulses within a packet could be varied from 0.1 to 70 usec The 
number of pulses per packet could be varied but was usually 5. As paroret the 
pulse packets triggered the magnetron through the 26-I generator. 


es ISG ES 


Fig.3. Development of discharge: a - = 
= 1.9 mm Hg, pulse duration T = 3 usec, 

f = 680 cps; instants of photographing 
after t = 0: 1) 1.45 usec, 2) 1.6 usec, 
3) 1.7 psec, 4) 1.8 usec, 5) 20.0 usec, 
6) 2.4 usec, 7) 3.0 usec; b - p = 25.4 
mn Hg, T = 3 usec, f = 680 cps; photo- 
graphing times: 1) 0.6 usec, 2) 0.7 usec, 
3) 0.9 usec, 4) 1.1 usec, 5) 2.1 usec, 

6) 3.0 usec. 


L,cM 
4 
2 
2 t 
a 7 2 3 
s t, Usec 


Fig.4. Time variation of the linear dimensions of discharges at different over- 
voltages K: a - p = 1.9 mm Hg: 1) K = 106%, 2) 111%, 3) 120%; b - 25.4 mm Hg: 1) 
K = 112%, 2) 147%. 


The luminous output of the discharge was recorded element eee 
fically, we observed the integral variation in Br intensity ane ae a- 
tion of local brightness and in the dimensions of the discharge. ° ae eae: 
statistical variation in the light intensity corresponding to each pulse, in 
experiments we recorded the maximum luminance. 
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We also observed the 
variation in the ampli- 
tude of the reflected 
wave. Further, the in- 
crease in the dimensions 
of the discharge from 
pulse to pulse was also 
recorded by motion picture 
photography (SKS-1 camera 
with continuous film mo- 
tion). 

The experiments show- 
ed that a self-sustaining 
discharge is not always 
established within a 
single pulse. Actually, 
the transient period may 
extend over an appreci- 
able number of pulses. 


0 


Fig.5. Variation of the standing-wave ratio and lumi- The luminous output os- 
nous intensity with time during five successive pulses cillograms for five suc- 
of a packet. cessive pulses are super- 


imposed in Fig.5,b. It 
will be evident that in 
each succeeding pulse the 
luminous output increases 
without repeating the 
initial growth exhibited 
in the preceding pulse. 
Fig.6. Photographs of a discharge during successive It will also be evi- 
pulses of a five-pulse packet. dent from similar oscil- 
lograms (Fig.5,a); charac- 
terizing the amplitude of the reflected wave,that the time to beginning of short- 
ing of the waveguide decreases from pulse to pulse. This means that the "shorting" 
electron concentration is attained more rapidly in each succeeding pulse. 

High speed photography showed that the dimensions of the discharge increase 
with each succeeding pulse of a packet (Fig.6). 

We also investigated the variation in the growth of the luminous amplitudes 
as a function of the pressure, overvoltage and pulse repetition rate or interval 
between pulses in a packet. Fig.7 shows the light output amplitude in each of 
five pulses of a packet for different pressures and intervals between pulses. 

In these measurements the amplitude of the shf field was maintained constant for 
each given pressure. 

With decrease of the pulse separation, the luminance of succeeding pulses in- 
creases more rapidly and the number of pulses to establishment of a self-sustain- 
ing discharge is reduced. The time to establishment of a self-sustaining dis- 
charge also decreases with decreasing pressure. Obviously, the amplitude of the 
first light flash at any given pressure does not depend on the interval between 
the shf pulses. 
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Sgro In the case of discharges with dc voltage 
: or CW high-frequency oscillations, the dis- 

charge formation time is generally understood 

eo mit Hd to be the time from the instant of application 

of the voltage to attainment of a steady dis- 

charge (excluding statistical delays). In the 


2-5 mm Hg case of a pulsed field, however, the discharge 
May not attain a steady condition during the 
period of the first pulse. Hence one cannot 

1.5 mm Hg speak of the formation time in the same sense 


as in the case of CW generation. 

By detecting the reflected wave one can 
Fig.7. Variation of the luminous determine the instant t, of beginning of notice- 
amplitude in each pulse of a able short-circuiting of the waveguide. The 
packet as a function of the pres- measured time will naturally depend on the 
sure and interval between succeed- sensitivity of the reflected wave detector, but 
ing pulses. ts is not explicitly correlated with the vari- 

ation in the dimensions of the discharge. A 
noticeable change in the standing-wave ratio depends not only on the electron 
concentration as such but also on the size of the region in which this concentra- 
: tion is sufficiently high to cause reflection. 

: By detecting the local light output at the point of the maximum shf field 

one can measure the time tT, to the beginning of detectable light emission (see 
Fig.2). Obviously, the results will depend on the sensitivity of the photomulti- 

plier and the size of the region focused on the PM cathode. 

In observing the dimensions of the discharge by means of an Ic, the instant 

Tg of appearance of luminous emission is determined from the intersection of the 

discharge growth curve with the time axis. From the same plot one can determine 
_the instant T,¢ of an abrupt change in the rate of growth of the discharge (see 
PFig.2). 
The measured values of tg, Tg and Tg proved to be equal within the limits of 
the experimental error. In view of this it may be asserted that the process of 
development of a discharge within a pulse can be characterized by two parameters: 
a) the time from the beginning of the pulse to the instant tg = T, = Tg, as deter- 
'_mined by any one of the procedures described above; in the physical sense this 
interval corresponds to the time of attainment of a local steady state: actually, 
formation of a "plasma plug" which prevents further development of the discharge 
in the direction of propagation of the electromagnetic wave; b) the time from the 
beginning of the pulse to the instant T.¢ corresponding to attainment of a steady 
state in the entire region occupied by the discharge; this time can be measured 
by means of an IC or a reflected wave detector. These two times are the basic 
characteristics of the development of the discharge; one can take either one or 
the other as the discharge formation time, depending on the preferred definition 
and the practical purposes involved. 

The development of a discharge during a pulse may be said to consist of 
three stages. 
ae The first stage consists in growth of the electron UME Oe Lata 
of maximum strength of the shf field, from zero concentration to 10°-10°" cm™¥. 
The duration of this stage can be determined by any of the three procedures out- 
lined above (within the investigated pressure range). 


} 


aS 
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The second stage is marked by a rapid increase in the dimensions of the dis- 
charge, which can be observed by means of an IC. The rate of growth of the line- 
ar dimensions of the discharge in the plane perpendicular to the waveguide axis 
is ~107 cm/sec. This stage is associated with distortion of the shf field by the 
"blasma plug’. The fact that the rate of discharge growth varies little with 
changes in pressure can be understood only if one takes into account both the be- 
havior of the ionization coefficient and the distortion of the shf field. 

The third stage is characterized by a slower rate of growth of the dimensions 
of the discharge. At low pressures (1-5 mm Hg), this growth is virtually nil. 

At pressures from 20 to 40 mm Hg, the rate of growth may attain 105-106 cm/sec. 
The fact that such growth is observed only at higher pressures gives reason to 
infer that it is connected with increase in the temperature of the neutral gas in 
the discharge region. This inference is substantiated by the intense heating of 
the surfaces in contact with the discharge at high pressures. 

In the case of a series of shf pulses, the first pulse, obviously, acts as 
an independent single pulse. The formation of the discharge in the first pulse 
begins under conditions that are independent of the pulse repetition frequency. 
Consequently, all processes during the first pulse must occur in the same way as 
in the formation of a single pulse discharge. 

The development of the discharge under the influence of succeeding pulses, 
in addition to the factors influencing the formation of a single pulse discharge, 
will be affected by processes occurring during the interval between pulses, pri- 
marily by the residual electron concentration. The entire sequence terminates in 
the establishment of a self-sustaining pulse discharge. Consequently, the estab- 
lishment process may be regarded as a transition from a single pulse discharge to 
a self-sustaining discharge. The influence of the preceding pulse on the succeed- 
ing pulse consists in modification of the initial’ conditions for the given suc- 
ceeding pulse, i.e., increasing the initial electron concentration and altering 
its spatial distribution. This obviously influences the rate of formation of the 
discharge. 

The higher the initial concentration, the more quickly is the instant of be- 
ginning of short-circuiting of the waveguide attained. Obviously, at the same 
time the intervals between the beginning of the pulse and the appearance of a de- 
tectable light output and between the beginning of the pulse and noticeable dis- 
tortion of the field, i.e., to the second and third discharge stages, are reduced. 
Consequently, the size of the discharge increases with each succeeding pulse up 
to the steady state. 

With increase of the intervals between pulses the residual electron concen- 
tration increases and the transition to a self-sustaining discharge occurs earlier. 
Increase of the overvoltage has a similar boosting effect on the residual concen- 
tration. 

Inasmuch Ag the residual electron concentration is connected with the ''de- 
electronization coefficient, i.e., the rate of disappearance of electrons, the 
duration of hewtzangiiion period must obviously depend on the pressure. The rate 
of de-electronization' increases with increasing pressure. Hence other condi- 
tions (overvoltage, repetition frequency, etc.) being equal, the time to estab- 
lishment of a self-sustaining discharge decreases with increasing pressure. 


Conclusions 


1. We developed a procedure for comprehensive investigation of the formation 
of super-high frequency pulse discharges by recording the variation of the stand- 
ing-wave ratio, the local luminous output and the dimensions of the discharge. ) 
The three experimental procedures yield consistent results. 

| 


self-sustaining super- 
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; 2. We established the existence of three stages in the development of a 


high frequency discharge in air at pressures from 1 to 40 
mmm He. 


3. Through experiments with pulse packets, we found that the build-up to 
the steady self-sustaining discharge state may extend over several pulses, the 
number depending on the pressure, overvoltage and pulse repetition rate. 
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MEASUREMENT OF THE CHARGE CONCENTRATION IN PLASMA BY MEANS OF SUPER-HIGH 
FREQUENCY PROBES 
- S.M.Levitskii & I. P.Shashurin 


Within the last decade significant advances have been made in the investi- 
gation of gas discharges, owing to the introduction of a new microwave method, 
namely, the resonant cavity method.! without detracting from the recognized 
merits of this method, we want to mention some of its disadvantages. 

1. To employ the resonant cavity method, the design of the discharge tube 
must be adapted to the design of the cavity, which may not always be possible or 
convenient. 

2. In its simplest variant the method allows only of measuring relatively 
low electron concentrations (~109 cm-3).2 The method yields only the average 
charge concentration for the volume in which the plasma interacts with the micro- 
wave field. 

3. Use of the interferometric method? which is based on free transmission 
of radiowaves through the plasma, largely eliminates the first two shortcomings, 
but in this case, too, the electron concentration obtained is an average value. 

For local measurement of plasma parameters one can hardly propose any method 
not based on the introduction of some type of probe into the plasma. In order to 
retain the advantages of the microwave methods and at the same time obtain local 
values of charge concentration, the introduced probe must be an shf oscillating 
system with a locally concentrated electric field penetrating to a limited extent 
into the surrounding plasma. By immersing such a system into the discharge and 
observing its behavior one can judge of the charge concentration in its vicinity. 

By way of shf probes one can use such oscillating systems as various types 
of symmetrical and asymmetrical dipoles, a two-conductor (twin) line, etc. One 
should, naturally, give preference to systems in which the electric field is more 
concentrated and which are characterized by low emission. 

In our work we used an asymmetrical dipole and a twin line. 


1. Asymmetrical dipole 


In the asymmetrical dipole arrangement (Fig.l,a) the oscillating system was 
a section of conductor 1 having a length of 27 mm and a diameter of 0.8 mm. It 
was mounted normal to the metallic disk 2 of comparatively large diameter. This 
disk also served as the anode of the discharge tube. The tube was filled with 
saturated mercury vapor. When a discharge was realized between the disk anode 
and the heavy oxide coated cathode 3, the dipole was surrounded by plasma. 

The dipole was excited through the coaxial feeder 4, which in turn was 
coupled with the waveguide 5 and excited by the mode propagated in the waveguide. 
Matching of the feeder and waveguide was accomplished by adjusting the two pistons 
6. The waveguide was coupled to a generator through a measuring line, which was 
decoupled from the generator by a 20 db attenuator. 

The measurements were carried out in the range from 8 to 13 em, the wave- 
length being measured by a wavemeter. The temperature of the tube walls was main- 
tained at 50-60°, The electron concentration in the discharge was measured by 
the cylindrical probe’, 

With the system matched, the standing-wave pattern in the waveguide was 
strongly dependent on the operation of the dipole. Any change in the charge con- 
centration in the plasma surrounding the dipole led to a significant change of 
both the standing-wave ratio and the position of the nodes in the measuring line. 

Thus our problem reduced to measurement of the input impedance of the dipole 
If we think of our asymmetrical dipole as a uniform line immersed in a medium ; 
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with a dielectric constant ©, its input reactance, 


ie Cit, CS input impedance neglecting resistive 
loss, will be given by# 


Ain=— ve ctga,lV s, (1) 
where | is the length of the dipole; Wa is the 
characteristic impedance of the line and «, is 
the propagation constant with ¢« = l. 

Having determined ¢« from Eq. (1), we can 
find the charge concentration in the plasma by 
means of the familiar expression 


4re*n 
en, (2) 


5 == (| — 


> 
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(under the conditions of our experiment vy? ~?), 
The measuring line yielded the values of 
the impedance only for the cross section at its 
output flange. Hence we had to represent the 
section of the system from the line flange to 
the feeder output as a two-terminal pair network, 
determine the parameters of this network and 
then convert the impedance values accordingly.°® 
The measurement results for a wavelength of 
10 cm are shown in Fig.2, together with the curves 
calculated by means of Eqs.(1) and (2). The dis- 
continuity of the function occurs at >= 0. As 
will be seen from the figure, in the experiment 
this point is obtained at higher discharge in- 
tensities than follows from calculation. 


_ Fig.l. a) Design of experi- Simultaneously with measurement of the in- 
' mental tube, shf asymmetrical put impedance of the dipole, we investigated its 
dipole probe and associated emissivity. To this end a receiving antenna was 
excitation system; b) design mounted at some distance from the tube and the 
of shf probe in the form of power intercepted by it measured. 
a section of two-conductor When the dielectric constant of the plasma 
line. in the vicinity of the dipole drops to zero, the 


effective electrical length of the dipole should 
also become zero and its emission should cease. This effect was observed experi- 
mentally, but complete cessation of detectable emission occurred, as a rule, at 
electron concentrations somewhat higher than indicated by Eq. (2). ‘ 

In analyzing the operation of the vertical dipole as a microwave probe it 
must be noted that it does not fully satisfy the requirements set for such a sys- 
tem. The dimensions of the region occupied by the electric field of the dipole 
are of the order of magnitude of the length of the dipole which amounts to ap- 
proximately 1/3 the tube diameter. Hence in the given case one can speak of 
local measurements only in an approximate sense. 


2. Twin line 


The arrangement in which the shf oscillating system was a section of two- 
conductor line (Fig.1,b) proved to be more convenient from the practical stands 
The diameter of the conductors was 0.8 mm, the separation between their 


peants Both ends of the line section were shorted. The geometric 


center lines 3.5 mm. 
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length of the section was greater than the 
half-wavelength of the exciting mode. 

The line was excited inductively from 
a small loop terminating the coaxial feeder. 
In other respects the arrangement (tube and 
shf circuit) was identical with that de~ 


=}/ 


=2 


scribed above. The twin line was insulated 
from the anode and feeder by two glass beads 
and in the plasma acquired the corresponding 
wall potential. 

With increase of the electron density 
in the plasma surrounding the probe the 
electrical length of the line, /.)~/Vc, de- 
creased and at some value of the electron 
concentration became equal to the half-wave- 
length. At this point resonance occurred; 
this was enhanced by marked absorption of 2 
energy from the waveguide and a radical 
change in the standing-wave pattern. The 


Fig.2. Variation of the input im- instant of resonance could readily be de- 
pedance of the asymmetrical dipole tected by the sharp swing of the instrument 
with the electron concentration in connected to the line. 

the plasma. X= 10cm. 1 - calcu- The results of measurement are shown 
lated curve; 2 - experimental curve. in Fig.3. The lower curve corresponds to 


Fig.3. Variation of the 
electron concentration with 
the wavelength at which 
resonance of the twin line 
probe was observed: 1) cal- 
culated curve, 2) electron 
concentration measured by 
means of a Langmuir cylin- 
drical probe. 


values of the electron concentration deter- 
mined by observation of resonance; the upper curve 
to values obtained by means of conventional cylin- 
drical probe. It will be evident that the shf probe 
technique yields consistently lower charge concen- 
tration values. Similar results were obtained in 
tests with 3 cm waves. The divergence can be ex- 
plained by assuming that, owing to the presence of 
wall potential, a space charge layer forms about 
the line conductors. 

Further, according to current concepts, under 
the space charge layer there should be a so-called 
transition layer with a lower electron concentra- 
tion.© The thickness of this layer is unknown, but 
it is probably greater than the thickness of the 
space charge layer proper. In any case the plasma 
in the vicinity of the twin line is impoverished 
in electrons as compared with the undisturbed plasma. 
Presumably this is the reason for our low concentra- 
tion values. 

Summarizing the results of the experiments, it 
may be concluded that the attempt to measure the 


local concentration of electrons by the introduction of an shf oscillating system 
into the plasma is justified in principle. So far the measurement results are 
distorted by ionic layers forming on the surface of the probe. If these distort- 
ing effects can be minimized or taken into account by means of an appropriate cor- 


rection, we will have a new microwave technique 
nique which has virtually all the advantages of 
no more complicated than this method and at the 
comings listed at the beginning of this report. 


for investigating plasmas, a tech- 
the resonant cavity method, is 
same time is free of the short- 
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INITIATION OF SUPER-HIGH FREQUENCY PULSE DISCHARGES IN INERT GASES 
- V,E,Golant 


It has been shown!-4 that the condition for microwave gas discharge break- 
down is usually attainment of a certain critical value of the mean ionization 


frequency: 
Vier (1) 


This critical ionization frequency depends on the pulse duration Tt and the 
initial electron concentration. For initiation of a self-sustaining discharge 
under the influence of periodically repeating microwave pulses 


ici (2) 
MB = rs 


where ape is the mean frequency of loss or removal of electrons during the period 
T between pulses (it is assumed that this frequency remains constant over the 
entire interval T).* 

If the variation of », with the field amplitude is known, one can calculate 
the critical field E,,; for shf pulse discharge breakdown by means OfAEGu())= 

The writer has previously carried out such calculations for argon3,4 and 
neon® wherein the E dependence of y; was determined by means of the electron ener- 
gy distribution function. In the case of helium one can utilize the E dependence 
of yv; found by Reder & Brown.® In the present report we give the results ofical— 
culation of y; for two other inert gases, namely, krypton and xenon. On the bas- 
is of these results we evaluate Ej,» for shf pulse discharges in inert gases and 
compare the deduced values with experimental data. 


Calculation of the mean ionization frequency for krypton and xenon 


In order to calculate the electron velocity distribution function one must 
first deduce the analytic expression for the energy dependence of the electron- 
atom collision cross section. We shall use the following approximations for the 
momentum transfer cross section s* in krypton and xenon: 


for z>1 sy = 
Ve’ 
Lorie Ge fies esse (3) 
for © < % s*=a—bY«x. 
Here z=U/U,, CU is the electron energy, U,is the lowest atomic level ex- 
citation potential (U)x, = 9-9 v and U,x,= 8.3 v), N is the atomic concentration 


and p is the gas pressure. 
As will be evident from Fig.1, the assumed approximation is consistent with 
the experimental dependences for electron energies under 20-30 ev. For example, 


Ns ies N 
“= 90 (cm-mm Hg)“, 2, = 0.05, —* = 10, and No = 24.5 (cm-mm Hg)~2; 


P 


for Kr: 


*More accurately, the condition for hf pulse discharge breakdown is described 
by ¥;—vr=vi,cr (here v, is the mean electron removal frequency). However, in the 


case of pulses of short duration v,.<v; a Vv 
Oi nd hence electron removal 
r processes can 


etek 


iy aan CERRY 


w= 2ny is the radian frequency, v= 
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= 125 (cm-mm Hg)"+, x= 0.08, N¢ = 45, NY 103 (om-mm Hg) ~}. 
P 


Unfortunately, we do not 
eae See have experimental data on the 
p total inelastic collision 
cross section (sin) and the 
ionization cross section (s;) in 
krypton and xenon. In view of 
the fact that the energy depend- 
ences of these cross sections 
near the excitation and ioniza- 
tion potentials appear to be 
nearly the same for different 
gases, below we shall use the 
same approximations for these 
dependences as were chosen 
earlier for argon, namely, 


5 6 
V0 .V? V7,v% 
Fig.1. 1) Curve obtained from the results of 
measurement of the total cross section and 


Sin = 50 inv 4 (xz — 1); (4) 
angular distribution of scattered electrons’, v7 
2) approximating curve. si = 5i(g,—1), (5) 
al 


where U; is the ionization potential (14.0 v for Kr and 12.1 v for Xe). The para- 
meters Soin and sj; in (4) and (5) are not known so far. By means of Eqs. (3)-(5) 
one can, however, construct and integrate the kinetic equation for the electron 
velocity distribution function. 

Proceeding as we did earlier for argon® and making similar assumptions, we 
obtain the following expressions for the isotropic component of the electron dis- 
tribution function f/f, (z): 


for x>1 fo(@) = Aas (x —1)Ky, [VB (e—1)"* |; | 
pon ce Nee as eae oe Pee ee oe | ce 
for x< 2) Jo(t) = D(alnz —2 V2) — Dif + | 
2b2 Vi 
= 6 In el +- G. | 
Here car) is 
U2 $9 Ns, ; Dp 
p= 5 a ) ein.) (tb 8); B= eat Ni 
F) »(>) 
/2eU 9 


aed C, D and G are constant coeffi- 


m 


cients which are determined by equating /, (2) and /, (2) for x=1 and 2 ie! 
The mean ionization frequency is then calcuiated in the usual manner: 


Vat Ds ie) | A a ee )- (8) 
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Fig.2. Comparison of the calculated curve and the experimental points from Ref.8. 


Eq. (8) contains the two still undetermined parameters s);, and Soi: Let us 
evaluate these parameters on the basis of Kruithof's experimental data® on the 
ionization coefficient « (first Townsend coefficient) for krypton and xenon atoms 
in a de field. 

From the deduced expressions for the isotropic component of the electron 
distribution in an shf field, one can readily determine the distribution function 
in a dc field.! To this end we need only set w= 0, i.e., € =O in Eqs. (6) and 
(7) and replace the microwave field by an equivalent effective dc field E, = E/V2. 
Then by means of Eq. (8) we can find v;/p in a de field and then determine the 
ionization coefficient 


ke opad 
Ee TY Ds ' (9) 
Here p is the mobility, which can be determined by means of the distribution 
function ae 
: [ fo (x) 2 (2 | As ) ax 
, z 
up= = Se We gk Se (10) 


co 
J a'/*fy (wx) dx 
0 


Recalling (7), we find from (9) the variation of a as a function of s)j7 


and So; : 
a Soi S548 Nex BE, \2 
— ay oe [* oin I ( e 1 ip 
Bo Soin # () Soin s P P : (11) 


~(8) is a now known function, and k is independent of Ee/p , Sin and so;. 
Plotting the «/Ee vS Eg/p curve in logarithmic coordinates and fitting it to 
the experimental curve by appropriate choice of the origin, we can readily find 


the scale factors in (11) and hence N*0in ang a Proceeding in this manner, 
P oin 
we obtain the following values for the parameters: 
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for Kr Ot in h25 Sere ai —1_ 
a eee 8 0.8 enim Bod 


P 
Ns, : 
ee Os ae Soh 
for Xe : = 3.04 0.3: ~ 5 Ge af gui! 6 


The calculated and 
experimental curves for 
4/Eg vs E,/p are shown in 

5 Fig.2. It will be noted 
that the character of the 
curves does not depend on 
the values of the para- 
meters. Hence the good 
agreement of the curves 
substantiates our calcu- 
lations. 

Having determined 


Soi and Syin ,» we Can re- 
10 =25 5075100 250 500 1000 10 25 5075100 250 500 1000 turn to Eqs. (6)-(8) and 


En v E, V 


p Gn-mm Hg p cm-mm Hg calculate the mean ioniza- 
tion frequency in a micro- 
— 1.109, 3—-~ = 2.5.109, 4-~ =7.109, wave field. The results 
¥ 2 of such calculations for 
several values of v/p are 
— 2.5.40910 shown in Fig.3. 


10° 


107 


Critical field strength for shf pulse discharge breakdown 


As was noted above, the critical field strength is calculated from Eq. (1) 
in which the value of v; is determined by means of the electron energy distribu- 
tion function. The results of such calculations for helium, neon, argon, krypton 
and xenon are shown in Fig.4 in the form of E,,/v vs p/v curves for several values 
of Yiscr/ ¥ . 

For comparison, we also show in Fig.4 the experimental points based on the 
data obtained by Abramova and the writer?. These data (1) pertain to initiation 
of a self-sustaining pulse discharge in the absence of a stable source of initial 
electrons. The discharges were realized in a glass tube with an inside diameter 
of ~4 mm and a discharge gap of 10 mn. The measurements were carried out at a 
frequency of 9400 Mc; the pulse duration was 107-© sec, the pulse repetition rate 
400 pps. The experimental conditions and procedure were similar to those describ- 
ed in Ref.4. 

In addition, we also show the data obtained for neon and argon in earlier 
measurements at a frequency of 2800 Mc.4»° Comparison shows a systematic diver- 
gence between the calculated and experimental curves, indicating a consistent 
increase of ¥;., With decrease of p/y. The divergence is particularly great for 
xenon and heliun. 

According to Eq. (2), variation of Vicor should be connected with variation of 
the electron removal frequency Sartre © diffusion plays a significant role in the 
elimination of electrons during the interval between pulses, increase of vi, with 


decreasing pressure may be expected. 
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Experimental points: 1 - Vv = 9400 Mc, tT = 1 usec, 1/T = 400 cps (based on data 
of Ref.9); 2 - V = 2800 Mc, t = 1 usec, 1/T = 400 cps (Refs.4 & 5); 3 -V = 9400 
Mc, tT = 1.1 wsec (Ref.9; in the presence of a stable source of initial electron). 


The divergence between the experimental and calculated curves may also be 
partially due to other factors, namely, the influence of diffusion in the process 
of discharge formation during pulses* (see Ref.9), inaccuracies in the assumed 
cross section approximations and the errors involved in the approximations made 
in integrating the kinetic equation.1,3 

For resolving the question of the conditions determining shf pulse discharge 
breakdown in different cases, it would be desirable to carry out an experimental 
investigation in which the electron concentration would be measured in the process 
of discharge formation both during the pulses and in the intervals between pulses. 
The most suitable procedure for measurement of electron concentrations would ap- 
pear to be the microwave cavity method employed by Madan et a110, 


"M., I. Kalinin" Leningrad Polytechnic Institute 
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CORRELATION BETWEEN THE CHARACTERISTICS OF SUPER-HIGH FREQUENCY AND 
DIRECT CURRENTS IN GASES 


- V.E.Golant 


A number of authors!-4 have noted that under certain conditions one can 
establish a correlation between the Characteristics of super-high frequency (shf) 
and direct currents in gases. This correlation has been utilized5-8 for analysis 
of electric breakdown in shf fields. In an earlier contribution’ the writer cal- 
led this method of treating high frequency (hf) current in gases the "dc analogy" 
method. In the present paper we formulate the conditions under which one can es- 
tablish a correlation between the characteristics of direct and shf currents in 
a gas and give examples of how this correlation can be utilized. 

1. The electron velocity distribution function in an shf field can be writ- 
ten as the sum of the isotropic and directed components.3 The isotropic compon- 
ent does not vary significantly with time within an interval comparable with the 


field period, provided the radian frequency w is much greater than the "energy 
variation frequency": 


m 


(Q) ates pale (1) 


here m and M are the masses of an electron and atom, and y 
collision frequency. 


If this condition is satisfied, the kinetic equation for the isotropic com- 
ponent of the electron velocity distribution function f,(v) may be written in the 


form3 
d (nfo) y? 9 EDK) a 
dt By, V (nfo) AP Be | rs ))] 


ae 


. v2 d (nfo) vO (nf) 2 Oi) . i @ ff Be \ 3 (nfo) 
woes | a av By, Vase — Ase 0 | ar ay r 33 x ( rhe) |= ae (2) 


. is the electron-atom 


Cc c Cc 


(the influence of the space charge field on the electron distribution function 
is taken into account in the above equation). 
In Eq.(2) n is the electron concentration, vy. = vNs*, Nis the atomic concen- 


eE 


. eE SCar 
tration, s* is the stopping collision cross section, ea, ase = ae E is the 


hf field amplitude, E.. is the space charge field and BO as the rate of change 
of nj, owing to electron collisions. 
In a de field the isotropic component of the distribution function is given 


Z st by? 
a (nfo) v2 4 2 9[ v 9 (nfo) | __ 
dis inooayt Vv (nfo) — By2 (@n + asc ) av| y* Ov 
Cc Cc 
2 , j Li) ff Be 8 (nfo) 
ate Af) tt: 83 BG) (nfo) eee a= Hh ee (3) 
eae a ay Vasc (asco+ an) V E Ov '  3v? Ov Ve é oe 
ek : tric field 
wherein a,-=- —; E, being the external electric : 


m 


By comparing (2) and (3) we can determine the conditions under which the 


z isotropic components of the electron velocity distribution functions in de and 


Re ANAS ee 


hf fields coincide (the frequency of the hf field Bomas cued to be limited by 
condition (1). These conditions can be written as follows: 
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1) Eny (nfo) = 0; (4) 
2) Es Berens: (5) 
Be oe i : 
3) Ee ee) Etat oo Este’ (6) 
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4) the shape of the current region and the boundary conditions in both cases 
must be the same. 

The first condition means that electron diffusion in the direction of the dc 
field is negligible, or, at any rate, does not significantly affect the distribu- 
tion function. In cases when the space charge is due solely to diffusion, the 
first and second conditions become identical (inasmuch as Egc || V (m/o))- 

The third condition must be fulfilled regardless of the electron velocity 
and coordinates. Hence coincidence of the distribution functions is possible 
only for gases in which ale is virtually independent of the electron velocity or 
under conditions when y? > >o?, 

When the conditions formulated above are fulfilled, we can introduce, in ac~- 
cord with (6), an effective hf field Egg characterized by an electron energy dis- 
tribution equivalent to that obtaining in a dc field. 

2. Conditions for identity of the isotropic components of the distribution 
function in de and hf fields can also be obtained for the current in the presence 
of a constant magnetic field. Comparison of the corresponding equations for 
(these equations taking into account a magnetic field can be deduced following 
Allis?) leads to the following conditions for identity of the electron energy dis- 
tribution functions in de and hf fields:* 


Egy V (fo) = 9; Enry (nfo) = 9; [Ena X Va (?/0)]y = 9; (7) 
Ey I ‘Esc ihe 0; Ey. Esc 1 =o 0; (8) 
VEn; =0; vEn: —0; (9) 
v5 Eu 1 E‘, 1 Bt 1 E 
Lat hege epee. 2 ie ma ae ea Sy iF Te eee 
Aged ‘st (its aa ber iit: (ites 
Ye "e Ve Veo 


here on =; H is the magnetic field strength and c is the velocity of light; 
the indices || and | denote vector components parallel and perpendicular to the 
magnetic field, respectively. 

Equality (10), as before, must obtain regardless of the electron velocity 
and coordinates. We note that the more complicated character of conditions (7)- 
(10), as compared with (4)-(6) is due to the anisotropy of the electronic conduc- 
tivity and diffusion of electrons in the presence of a magnetic field. 

Conditions (7)-(9) for E, || H reduce to the requirements V (nfo) |. H and 
Esc |. HW (i.e., diffusion may occur only in the direction perpendicular to the mag- 
netic field); with E, | H these conditions require that V (fo) | Eso || H (diffusion 
may occur Only parallel to the magnetic field). In case there are magnetic field 
components parallel and perpendicular to E, conditions (7)-(9) can be satisfied 
only if y(n/o)= 0 and Es, = 0, i.e., in the absence of electron diffusion. 

3. Where the above conditions are fulfilled, it is feasible to utilize the 
results of investigation of dc current in a gas to obtain information on shf cur- 
rent. By way of illustration, let us make use of the "dc analogy" to calculate 


nae ae the requirement as regards identity of boundary conditions still 
applies. 
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Curves calculated by the "de analogy" method: I - Vij,o;/V = 3.61073, 
II - v, ../v = 2-10-73, Experimental points: 1 - v = 9400 Mc, tT = 1 
usec, F = 400 cpstl; 2 - v = 2800 Mc, t = 1 usec, F = 400 cpslO, ar- 


rows identify the points corresponding to (a/,)” = 0.2. 


the critical field amplitude E,;y for hf pulse discharge breakdown in inert gases. 
As was pointed out in Ref.4 the value of E,, in many cases can be obtained 
from the condition 


i cit (11) 


where yj is the mean ionization frequency. Hence to evaluate Ecy, we need only 
determine the electric field dependence of yj. For calculating »; we used the 
results of Kruithof's measurements of the ionization coefficient % in a de field 
(the first Townsend coefficient). The relation between vj and « is given by 


vi = only, (12) 


where p. is the electron mobility. 
Since there are no experimental data on the variation of » with HH, in the 
field range. of interest, for determining y, from (12), we carried out an approxi- 


mate evaluation of uw by averaging p= “- over energies in the range from 1-2 to 
my 
Cc 


15-20 ev. Such rough evaluation of y apparently does not significantly affect 


; the results of calculation of Egy from (11) inasmuch as the variation of vj with 


E,, is determined primarily by the magnitude of aM, - 
Thus, Egy can be calculated by means of Eqs.(11) and (12) on the basis of 


¢ the "dc analogy". For the heavy inert gases y, is strongly dependent on the ener- 


gy. Hence the "dc analogy" can be utilized only when y2S>w°*, Accordingly, we 


- earried out calculations for neon, argon, krypton and xenon in the range of pres- 
- sures for which y2 >5w?. The results are shown in the accompanying figure. 


It will be evident that the calculated curves are in satisfactory agreement 


a with the experimental curves obtained by Abramova and the writer (for details 


concerning these measurements see Refs.10 & 11). 
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4. Until now, the "de analogy" method has been used for analysis of hf dis- 
charge breakdown. It may be of interest to use this method for investigating 
breakdown in steady shf discharges. The validity of this approach stems from 
the possibility of making use of optical and microwave probe techniques for ex- 
perimental investigation of the ''dc model" of shf discharges. Direct use of 
these methods for studying discharges at super-high frequencies is generally 
hampered by the presence of metallic boundaries enclosing the discharge volume. 

Under certain conditions it may also prove expedient to consider the inverse 
problem, i.e., to extend the results of investigation of hf current in a gas to 
direct current. Thus, for example, measurement of the mean ionization frequency 
by observing the increase in electron concentration under the influence of a 
pulsed shf discharge may in a number of cases prove to be simpler than determina- 
tion of the ionization coefficient in a dc field. In such shf measurements the 
requirements as regards the purity of the gas may be less exacting because in 
pulse discharges (with sufficiently short pulses) electron removal processes as- 
sociated with excitation of metastable levels are less likely and hence should 
not distort the experimental results. 
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OBTAINING HIGH TEMPERATURES BY MEANS OF A SPARK DISCHARGE 
- M.P.Vanyukov & A. A.Mak 


In connection with the general problem of developing light sources of high 


intensity, it is of interest to determine what are the highest temperatures ob- 
tainable in the channel of a spark discharge and how the temperature distribution 
varies over the cross section of the channel. 

The temperature of weak spark discharges, in which there is virtually no re- 
absorption, is generally determined from the intensity ratio of two appropriate 
lines (Ornstein method). In heavy discharges, however, there is usually appreci- 
able reabsorption in the current Carrying channel, hence preference must be given 
to temperature determination from the absolute intensity of the emitted radiation. 
Usually one measures the spectral radiant intensity (density of radiant energy) of 
the continuous radiation, from which one can calculate the brightness temperature. 
To find the true temperature one must, in addition to the brightness temperature, 
know the absorption power of the plasma. If the plasma itself radiates like a 
black body, which is the case, for example, for saturation of the channel lumin- 
ance, the absorption power is equal to unity and the brightness temperature equals 
the true temperature.1l 

In this paper we give the results of an investigation of the temperature of 
the channel of a spark discharge by measurement of the spectral radiant intensity 
at the centroids of the greatly broadened ionized-atom lines under discharge con- 
ditions at which the continuous radiation brightness has not yet attained satura- 
tion. 

Measurement of the absolute radiant intensity in the lines has a certain ad- 
vantage over measurement of the continuous background inasmuch as the absorption 
of the plasma in the lines is higher than in the continuous spectrum owing to the 
fact that its radiation in the lines is appreciably more "black'', consequently, 
the brightness temperature determined from the lines will correspond to the true 
temperature even for the discharge conditions under which the plasma in the re- 
gion of the continuous background is largely transparent. 

In the present work we used the measurement procedure described in Ref.1. 
The measurements were carried out with a monochromator slit width of 1.8 to 2.7 A. 
The time resolution of the apparatus was 5-1078 sec. The sensitivity of the set- 
up was calibrated with reference to a ribbon filament lamp with a quartz window. 

The line radiation was studied in argon at wavelengths of 4806, 4348 and 
3588 A, in xenon at 2900 and 2600 A, and in nitrogen at 5045, 5011 and 4097 A. 
The discharges in the inert gases were realized with C = 0.05 pf, V = 12 kv and 
values of L varying from 0.086 to 1.28 wh; the discharges in nitrogen were realiz- 
ed with C = 0.05 uf, V = 15 kv, and L = 0.086 to 0.79 uh. The pressures were 
argon - 4 atm, xenon - 5 atm and nitrogen - 2 atm. 

The results of measurement of the spectral density of radiant energy b, of 


the discharge channel in argon for wavelengths corresponding to the centroids of 


the enumerated lines and the continuum at different INS of the spark circuit 
inductance, which characterizes the rate of energy input ant the channel, are 
shown in Fig.l. As will be evident from the figure, in the OU NO range 
of variation of the circuit inductance, the line radiation virtually attained 
saturation, whereas the continuous spectrum in the range X <4000 A is stilt far 
Similar results were obtained for the other two investigated 

2 
Baa. used Planck's radiation formula to evaluate the temperatures CONG OIE 
ing to by, for the wavelengths of the line and continuous Spore ae ae 
ration of luminance was observed. The results are shown in ay a wi eee 
seen that the temperature values determined in different regions o e sp 
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Fig.l. Variation of the maxi- 
mum spectral radiant intensi- 
ty of the spark channel in 
argon with the inductance of 
the discharge circuit for 
continuous radiation: ) = 

= 2600 (8), 2900 (7), 3400 
(6), 3990 (4) and 4680 A (2) 
and for individual lines; 

dX = 3588 (5), 4348 (3) and 
4806 A (1). 
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Fig.2. Values of the tem- 
perature calculated from 
the maximum values of 
measured in different re- 
gions of the spectrum with 
reference to the continuous 
and line radiations: 1) in 
Xe (5 atm), 2) in A (4 atm), 
3) in N (2 atm). 
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from the line and continuous radiations are in 
close agreement. These results give reason to 
assert that the temperature of the spark channel 
remains virtually constant in a rather wide range 
of variation of the rate of energy input into the 
channel and attains a limit value under discharge 
conditions at which saturation of the brightness 
of the continuum is not yet reached. 

The fact that no self-reversal of the ionized- 
-~atom lines was observed under any of the discharge 
conditions gives reason to assume that there are 
no steep temperature gradients over the cross sec- 
tion of the discharge channel. As is known, arc 


lines may be strongly self-reversed in a discharge, ® 


but this characterizes the sheath or surrounding 
cloud rather than the current-conducting channel 
itself. 

Thus, concurrent investigation of the intensi- 
ty of the continuous and line radiations gives rea- 
son to assume that saturation of the luminous in- 
tensity of the spark discharge channel is due to 
saturation of its temperature rather than to screen- 
ing of the high temperature radiation by the cooler 
surface layers of the plasma as it is sometimes in- 
ferred. Evidence in favor of this assumption is 
also furnished by the results of measurements of 
the brightness of a capillary discharge. These 
measurements showed that the luminous intensity 
observed from the end of the capillary channel for 
a discharge in air agrees in the entire investi- 
gated spectral range with the intensity measured 
in the direction perpendicular to the discharge 
axis4; the temperature of such a discharge is 
60 000°K, whereas the maximum temperature obtained 
for an unconfined discharge in nitrogen was only 
43 000°K. If screening played a significant role, 
the luminous intensity found in the end measure- 
ments should be less than with observation from 
the side. 

It should be noted that the absence of steep 
temperature gradients in the current-carrying 
channel of a spark discharge was established earli- 
er in the work of Dolgov & Mandel'shtam®, who in- 
vestigated a transparent plasma. 

At present one can list the probable factors 


limiting the possibility of increasing the discharge channel temperature; for 
quantitative evaluation one must determine the temperature dependences of the 
energy losses due to ionization and radiation, heat conduction and electric con- 
ductivity, the rate of expansion of the discharge channel and a number of other 


factors.® 
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SOME RESULTS OF INVESTIGATION OF THE EXCITATION FUNCTIONS OF THE 
N5 NEGATIVE SYSTEM BANDS 
- I,P,Zapesochnyi & S.M.Kishko 


Knowledge of atomic and molecular excitation functions is important for the 
solution of many scientific and practical problems. So far the excitation func- 
tions of some of the spectral lines and bands of only a few atoms and molecules 
have been determined experimentally. In the case of diatomic molecules, excita- 
tion functions have been investigated only in the case of nitrogen and carbon 
monoxide.1-* ‘The techniques available at the time these studies were carried out 
were far from perfect so that the results obtained are doubtful and qualitatively 
discordant. 

We undertook to obtain reliable data on the excitation functions Of diicer— 
ent bands of ionized No. So far we have carried out careful measurements of the 
excitation functions of the bands of the negative system corresponding to the 
B2y->X2y transition (the wavelength of the investigated bands are 4278 and 3914 
A). 

Earlier experimental investigations of the excitation functions of both 
atoms and molecules were based on use of the photographic method of recording 
spectra, which is inferior to the photoelectric technique as regards both sensi- 
tivity and accuracy. Use of the photoelectric procedure for investigating exci- 
tation functions” allows of obtaining the optical excitation function under more 
favorable conditions (low gas pressure and small current density of the exciting 
electrons). Use of the photoelectric procedure in conjunction with a nearly mono- 
energetic (0.5-1 ev spread) electron beam made it possible for the first time to 
detect the fine structure of the excitation function of some lines of mercury. 
The experimental procedure consisted in determining the intensity of the above 
mentioned bands of NS excited by electron impact in the gas at low pressure (be- 
low 1073 mm Hg) at different electron energies. The discharge tube used in our 
experiments yielded a satisfactorily monoenergetic electron beam. The electron 
source was an oxide-coated equipotential cathode. The other electrodes (two 
anodes, electron collector and shielding cylinder) were made of thin nickel sheet. // 
The radiation was analyzed by an ISP-51 three-prism glass spectrograph and an 
FEU-17 photomultiplier coupled to a de amplifier. The spectroscopically pure 
nitrogen was prepared by heating pure sodium azide (the purity of both the re- 
agent and the nitrogen was checked spectroscopically). The nitrogen was introduc- 
ed into the discharge tube through a metering system and the pressure determined 
by an LT-4 pressure gage. The tube supply voltage was closely regulated; the cur- 
rent and voltage were measured by precision instruments. 

It has been reported® that nitrogen poisons oxide-coated cathodes, i.e., has 
a negative influence on the emission characteristics; however, precise data on 
the matter are lacking. Accordingly, we undertook a number of special experi- 
ments? which showed that up to 1072 mm Hg the emission of an oxide-coated cathode 
in nitrogen is virtually the same as in vacuum. 

To determine the conditions necessary for obtaining undistorted optical ex- 
citation functions of NS, we carried out control experiments to determine the 
specific influence of nitrogen pressure, the current density and other factors 
on the state of the experimental curves. 

Having determined the conditions under which the effects of nitrogen pressure 
and electron current density on the shape of the excitation function are negli- | 
gible, we carried out our measurements for the above mentioned bands. The experi- 
mental curves are reproduced in Fig.1, from which it will be apparent that each 
excitation function has several clearly pronounced peaks, appearing at electron 
energies of 49, 56 and 67 ev. Beyond these peaks there is a broad maximum in the 
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85 to 95 ev region. The beginning of the 
excitation function of these bands lies at 
about 19 ev, which is in agreement with the 
excitation potential of the B25 level CLS eave 
The curves of Fig.1 were obtained with 
an electron energy spread of about 1.3 ev 
the points being taken at 3 v intervals. For 
a relatively narrow range of accelerating po- 
tential (50-100 v), it proved feasible to ob- 
tain the experimental points at closer inter- 
vals (1.5-2 v). Fig.2 shows two curves for 
the initial section of the excitation func- 
tion of the 0-»1 band; here the experimental 
points were obtained at intervals of 1.5-2 v 
and the electron beam was more monoenergetic 
(spread <1 ev). This brought out an addi- 
tional sharp narrow maximum located on the 
rise of the excitation function curve at 29 v. 
Thus we found that the excitation functions 


g 30 eo a ee exhibit five peaks, located at 29, 49, 56, 
Se ee 67 and 85-90 ev. 

Fig.l. Excitation functions for All the noted maxima were observed in 

hm = 4278 A (1) and 3914 A (2). numerous measurements at exactly the same 


energies in different tubes. Hence there can 
be no doubt regarding their existence. 

With gradual increase of the gas pressure (and 
the accompanying impairment of the monoenergetic 
characteristics of the beam) the peaks in the curves 
are smoothed out and the shape of the curves becomes 
similar to that obtained by Bandy? and Stewart4. 

The appearance of several maxima in the excita- 
tion function of the investigated bands cannot be 
explained as being due to transitions from higher 
lying electron levels to the BY level (as in the 
case of the mercury lines®,7’) inasmuch as, so far 
as we know, the corresponding systems are not ob- 


served. 
| The presence of some of the peaks can be ex- 
: 419 50 100 plained by comparing the potentials to which the 
: Vaccel.?¥ maxima in the excitation function correspond with 
‘Fig.2. Excitation function the electron energies at which there occur the 
of the O-—-1 band (\ = 4278 elementary processes of dissociation and ionization 


A with experimental points of nitrogen molecules to neutral atoms and ions. 
, recorded at close intervals: The population of the excited b*L state increases 


Ml) initial section, 2) sec- owing to the reverse processes, which in turn leads 
tion from the excitation to increased intensity of the given band. 
i i titude to 
i 100 v. We desire to express our sincere gra 
— S.E.Frish for his support in the work and valuable 
advice. 
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EXCITATION CROSS SECTIONS FOR SOME SPECTRUM LINES OF POTASSIUM AND ARGON 

- L.M.Volkova 
In the present work we determined the v 
tions for some spectrum lines of potassium a 


ing electrons. The energy spread in the exciti 
In the case of potassium vapor, 


of ae 32-1074 mm Hg, the pressure being calculated by 
In the work with argon the pressure was 1-107-3 


ariation of the excitation cross sec- 
nd argon as a function of the bombard- 
ng electron beam was about 0.9 ev. 
the measurements were carried out at a pressure 
the formula given in Ref.1. 

mm Hg. 
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The variation of the excitation functions of the spectrum lines of potassium 


was measured by two procedures: photographic photometry using an ISP-51 spectro- 
graph with an = 270 mm camera and photoelectrically using the same spectrograph 
with a PS-381 attachment. 

In the case of argon the measurements were made only by the photographic 
procedure. 

Inasmuch as the wavelengths of the investigated lines lie in the range ex- 
tending from 4000 to 8500 A, it was necessary to choose specially sensitized fast 
films for different intervals of the spectrum. * In all we measured the variation 
of the excitation functions of four arc and three spark lines of potassium and 
six arc lines of argon. 

The potassium arc line excitation functions (Figs.1 & 2) begin at the exci- 
tation potential of the given line, rise rapidly to a peak (~5 ev) and then fall 
off more slowly. The difference between V,,,, the potential of the line peak, 
and the excitation potential is about 2 v. 

Fig.3 shows the variation of the excitation cross section with the electron 
energy for the spark line of potassium: 


0 = 4222,98 A: 3p5 (2P!,) 4p — 375 (2P?,) 4s. 
J=1 J=1 


Similar dependences were obtained for the spark lines: 


dh = 4134,72 A: 3p8(@P,) 4p — 3p ?Phi,) 4s 
a cae 74 1S 
and 
h = 4149,17 A: 3p® (2P?, )4p — 3p (2P2,) 4s. 
dial J=1 
Fig.4 shows the energy variation of the excitation function for the are line 
of argon: 
= O110,d1e Aceops (?P,,) 4p — 3p (?Pyi),) As. 
This curve is characterized by a rapid rise to the maximum and a subsequent 


only slightly less rapid fall. Similar curves were obtained for the other five 
arc lines of argon: 


h = 8424.65 A: 3p5(2P%,,) 4p — 3p (2Piy,) 4s; 
=2 


J=2 ee 

h = 8408,21 A: 3p5(2P?,) 4p — 3p (2P!),) 4s; 
J=2 J=1 

h = 8264,52 A: 3p® (2P¥,) 4p — 3p® (2P?,) 4s; 
J=1 J=1 

h = 8014,79 A: 3p5(2P%,,) 4p — 3p® (2P%:,) 4s; 
J=2 J=2 

» = 7948,18 A: 3p5 (2P?,) 4p — 3p (2P2, ) 4s. 
J=1 J=0 


The data on the electronic configurations of the 
the atoms before and after th 
transitions were taken from the tables in Refs.2,3 & 4. In determining the pee 
*The personnel of the NIKFI were of great assistance in selection of the 
photographic materials; particular thanks are due to Engineer N.M. Parfenova 


| Citation cross sections for the Spectrum lines of potassium, we employed the pro- 
_ cedure described in the work of Fischer? and Frish® 


I take this Opportunity to thank N.A.Kaptsov for his constant interest in 
_ the work. 


Physics Faculty, 
Moscow State University 
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EFFECT OF DISAPPEARANCE OF NEGATIVE IONS ON THEIR CONCENTRATION IN THE 


DISCHARGE COLUMN 
- M.V.Konyukov 


1. The negative component of the plasma in the positive column of a dis- 
charge in electronegative gases (or in media with an appreciable admixture of 
such gases) consists of electrons and negative ions. The latter are apparently 
responsible for some of the distinctive characteristics of such discharges (anom- 
alous gradients, the formation and subsequent behavior of striations, facilitated 
contraction of the column, etc.), and hence it may be of interest to calculate 
their concentration. The purpose of the present work was to evaluate the influ- 
ence of the decay of negative ions on their concentration.* 

2. To investigate the positive column with negative ions under diffusion 
conditions (A,, A», An<R) , we make use of the following charged particle balance 
equations 

42 frp, Se + rbeN ort + ZNe + 1Na—BNe = 0, 


J 


1a ON'n r ; ; 
£2 1D. a + rilabr| + 8N,— {Nn —aN,Nn = 0, (1) 


RY, ON » i, r 7 
13 (Dz —rbpNpE,} + ZNe— aN pNn = 0, 
where a is the volume recombination coefficient for negative ions (we neglect re- 
combination of electrons and positive ions), 8 is the electron sticking frequency 
and y is the dissociation frequency for negative ions; the other designations are 
in the usual notation.** 

In view of the fact that the set of equations (1) is nonlinear, it is diffi- 
cult to solve for the relative concentration x—N,/N, in the general case; conse- 
quently, we will restrict our consideration to a number of particular cases in- 
volving quasi-neutral ambipolar diffusion. 


a) Case @= 7 = 0. 


Here we can assume x—const (in general, x is a function of the radius, but 
with reasonable approximation we may assume that it is constant over the entire 
cross section). Then, providing (D./D,) (Z — 8) (Z + By 2B <1, we obtain?: 


Be sitet a ra 
2D, Z—8 ° <2) 

The negative ion concentration in a column with no loss proves to be two 
orders of magnitude higher than the electron concentration inasmuch as only on 
this condition is the diffusion flow to the wall greater than the flow to the 
axis owing to the radial electric field. *** 

dias aecery oe a positive column with negative ions has been considered by 
Holm, Seeliger“»’ and others. In most of these studies, however, the concentra- 
tion was regarded as a variable parameter rather than the quantity sought. 

Tact epi of several kinds of ions the descriptive equations will be 
Similar bu e magnitudes of Q, ® and y will depend on the c 

: onc 

the different kinds of ions. pages 
**K y —(D,/2D,)—1 is the limiting value of the concentration at which the flow 


of negative ions to the wall owing to diffusion 
: ; and the reverse f 
radial electric field are equal in magnitude. mie 


= OO Le 


b) Case @ = 0, but y £ 0. 
ee EOE Y 0. 


We can again assume that == ¢ 


; ore oc onst over the entire cross section.’ Then the 
equation characterizing x assumes 


the form 
2% (1 + x) (D, /D,) —x Si B— yx (3) 
ao Z—(B— yx)’ 


Graphic solution of Eq. (3) for De/-Dy 


= ()-eeand Z/B=~2 yields the following 
values of x as a function of the chosen 


parameter _/Z: 


rf Ze-0 0.01 0.1 0.2 SPs} 0.5 0.7 0.9 
x 150 50 10.5 5.7 3.5 2.2 1.5 


5 1 


These data indicate a considerable decrease of th 
tion, owing to the effect of volume losses. With increase in the concentration 
(or, what is equivalent, with decrease of the rate of dissociation of the negative 
ions) the character of the carrier motion changes. It is convenient to investi- 
gate this change by analyzing the x dependence of the diffusion lifetimes. 


e€ negative ion concentra- 


Electrons 


Introducing the electron diffusion lifetime under conditions of ambipolar 
diffusion in the absence of negative ions, 


it 
tea = 2D, ’ (4) 


we obtain the following expression for the dimensionless lifetime of electrons** 
in a column with negative ions 


ne. 1 + 2x (by /b,) 
dif PAE HE Dive 
t= = = 1+ 2x 1 (5) 


Eq. (5) gives a monotonic decrease of the electron diffusion lifetime with 
increasing concentration. At x= 0, the diffusion lifetime equals t; with in- 
creasing concentration, +74;¢ asymptotically approaches the diffusion lifetime 
' corresponding to electron diffusion (D.v”)?. The reason for this is decrease of 
the transverse electric fields retarding the electrons. *** 


| Positive Ions 


The expression for the dimensionless diffusion lifetime of positive ions is 


thse 4 + 2(b,, /d,) % (6) 
: 3 7 . 
| P ce 1 + 2(D,/D,)* 
» Eq. (6) indicates a monotonic increase of the diffusion lifetime from tq to 


the value corresponding to free diffusion of ions. It is interesting that ate 
concentrations x(b,/b.)<1, there is a difference between the movement of positive 


‘ions and electrons with x1. 


*In carrying out the necessary simplifications we assumed that D, >D,, Dy=D,, 
b, and = é 
eo; a eal ee of negative ions each of the carriers is characterized by 
its own diffusion time. D 


ON 
, ¥ 2 i 
*kkThe strength of the transverse electric field, £,=— oS mono 


(0, +2xb,) } a 
_tonically falls off from the value corresponding to ordinary ambipolar diffusion 
to zero. 


a 
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The behavior and motion of negative ions differ from those of electrons and 
positive ions. For negative ions the diffusion lifetime is given by 


n Z b. /b 
eae Tait Aes) (7) 
ti oe 2x(D, (Dy 


At concentrations in the range (D,/2D,)—1<*<© the lifetime caipis posi- 
tive* and decreases from oo to 1/pD,, i.e., the lifetime for free ion diffusion. 
Here the diffusion flow to the wall is greater than the opposite flux due to the 
field. That is, the wall serves as a sink for negative ions with a capacity per 
unit column length characterized by 


R 
q=2n \ (8 — yx) Nerdr. (8) 
0 
For concentrations in the range 0<x<(D,/2D,)—1, the diffusion lifetime be- 
comes negative and with increase in concentration decreases from t,, to — oo. In 
this case the wall is a source of negative ions** with the linear capacity 
R 
q = 2n (yx —f) Nerar. (9) 


0 
For x =(D,/2D,)—1, the diffusion lifetime becomes infinite. In this case 
the wall plays no part in maintaining the steady state, and the kinetics of the 
discharge is determined exclusively by volume processes. © 


c) Case Q@ and y # O. 


In this case we cannot assume a constant concentration over the entire cross 
section; however, with some sacrifice in accuracy, we can select a small region 
close to the axis of the discharge in which we can assume x=conste The equation 
characterizing the concentration can be deduced in the same way as Eq. (6a) in 
Ref.4 and has the form 


x —2x (1 -+x)(D,/D,) Z—8 
14-2 8B 


0 
+1 atu ext. (20) 


This equation can be solved by similar methods. It must be noted that vol- 
ume recombination leads to the presence of spatial sources. At sufficiently low 
negative ion concentrations we can distinguish two regions: an outer region near 


the wall in which creation of negative ions predominates over their disappearance, 


and an outer region in which disappearance predominates over creation. 

3. The negative ion concentration can be evaluated from measurements of the 
time constant of the process of decrease in electron concentration incident to 
deionization. Following the method developed by Granovskii’, we obtain the fol- 
lowing expression for the time constant for the beginning of deionization: 


a. “) 
wD. +8—y1x (11) 


Te 


*A positive diffusion lifetime corresponds to migration of particles created 
in the discharge space to the wall; a negative diffusion lifetime corresponds to 
migration of particles appearing at the wall into the discharge volume 

**GUnterschulze® introduced the concept of an ionic layer located a the 
wall and acting as a surface source of negative ions. 
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wherein 


Kwercee 


PRR ARES IN) 


1+ 2x 
10s = DoT TKO, /b) ' 
To make use of Eq.(11) we must know the rate of formation and decay of nega- 
tive ions. 
More convenient for 


oa purposes of evaluation is the time constant for the de- 
crease in concentration 


of positive ions, which is given by 
be 1+ 2x(b,/b,) 
p?D,b, 1+%(D,/D,) * 2) 


Ty = 


I desire to express my gratitude to A.A. Zaitsev for valuable discussions. 


Tula Pedagogical Institute 
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*In contrast to the column in electropositive gases each carrier here is 


characterized by its own time constant. 
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NEW RESULTS OF INVESTIGATIONS OF A LONG SPARK 
- 1I.S.Stekol 'nikov 


The growth and development of spark discharges in different types of gaps 
(rod-rod, rod-plane, etc.) ranging in length from 1 to 5 meters were investigated 
in our laboratory by means of oscillographs, multiple cell shutters, image con- 
verter tubes and probes designed and constructed in the laboratory. The sparks 
were realized with pulse, alternating (50 cps) and de voltages. 

Below we give some of the results obtained by E.N.Brago, A.Ya.Inkov, I.G. 
Pulavskaya, G.I.Smirnov and the writer. 


1. Pulse corona 


With a view to amplification of the published data 
on pulse discharge coronas, we studied the development 
of coronas in a sphere-plane gap with simultaneous opti- 
NS cal and electric recording. The results for gaps of up 

to 265 cm are in agreement with the data obtained earli- 
er for narrower gaps.+ The corona consists of discrete 
elements, each of which is sharply divided into two 
parts: a bright rectilinear stalk developing directly 
from the surface of the sphere and a group of weakly 
glowing, long filaments exhibiting a dendritic structure. 
The structure of the stalk is not uniform; it is divided 
into two parts by a bunch of brightly glowing filaments 
branching off at an angle of 90°; these filaments have 
almost the same luminous intensity as the stalk and a 
similar structure. The corona current is observed in 
. the form of a single pulse with a leading edge of ~1078 
sec and a magnitude measuring in the tens of amperes. 
Fig.l Fig.l shows a schematic sketch of a corona element 
and its development in time. According to time resolu- 
tion data, the rate of advance of the stalk is ~108 cm/sec; the average rate of 
the branches is ~109 cm/sec. Curves characterizing the length of the corona ele- 
ment as a function of the voltage on the discharge gap are shown in Fig.2. Our 
measurements showed that for different diameters of the sphere electrode the vari- 
ation of the initial corona ignition voltage Vic as a function of the gap length 
So is linear; the slope of the plots increases with increasing electrode diameter. 

At a voltage amplitude equal to Vj,, the instant of ignition of a pulse co- 
rona, which is identical 
with the beginning of 
steep rise of the dis- 
charge current, is shift- 
ed behind the leading 
edge of the voltage 
pulse; the precorona 
time, i.e., the time 
from tnax, when the 
voltage on the electrode 
attains the value 
Vmax = Vig to the in- 
stant t, of ignition of 
the corona becomes in- 
definite, i.e., depends 


“J 
Bie 


=~ 
ie 


500 1000 1500 V, kv 
Fig.2 
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@n chance factors. If the amplitude of the applied volta 
the ignition of the corona occurs durin 
creased, while the fluctuation in time decreases. Consequently, each value of 


Ve is characterized by its ow voltage-time characteristics similar to the char- 


acteristics observed for breakdown voltages. A typical characteristic for ob- 
lique voltage pulses of different steepness is shown in Fig.3. 


# os oe en EE ie determines the current pulse of the corona. 

potential of a pulse corona (by varying the steepness 
of the applied voltage pulse), there will be a corresponding change in the ampli- 
tude of the corona current. Measurements show that the corona current does not 
depend on the maximum value of the voltage pulse. 

A correlation was established experimentally between the shape of the cur- 
rent pulse and the spatial structure of the corona stalk. If the stalk has no 
nodes, the current is recorded in the form of a Single pulse with a single maxi- 
Mum; on the other hand, if the stalk is split into two parts at a node, the cur- 
rent is recorded in the form of a pulse with two peaks. In the latter case, the 
current pulse may be regarded as a surposition of two single pulses from each 
part of the twin corona stalk. 

The described type of corona differs from the familiar form observed for 
points and thin conductors with de and 50 cycle ac voltages, commonly defined as 
"a corona continuous in space and time (more correctly, it should be termed the 
“avalanche” form of corona). In view of its specific characteristics, the above 
described form of discharge has been termed a "pulse" corona. 

For the purpose of elucidating the form of corona forming at an electrode 

_ of small curvature with 50 cycle ac voltages, there were carried out experiments 

_with a sphere-plane gap (sphere diameter 12.5 cm) having a length So = 125 cn. 

_Fig.4 shows a schematic sketch based on photographs of the effects observed with 
smooth and gradual increase 
of the ac voitage to the 


ge pulse is increased, 
g the rise of the voltage wave; Vo is in- 


254 kv 264 kv critical value Vic. At V;, = 
®10-/2 sec =O05sec a i.e. 
P le a coe kv there suddenly (i Cary 
je) ig Ss without preliminary audible 


period a corona element, the 
appearance of which is identi- 
cal with that observed with a 
pulse voltage (Fig.1); the 
length of its stalk (2-. cm) 
and branches (13-20 cm) are 
’ approximately equal to the 
Fig.4. corresponding features of a 
pulse corona obtained in dis- 
charges in the same gap. This gives reason to infer that the CASTELLI SCL! corona 
formation is the same with both types of voltage. apeemoey as in the given case 
we are considering the appearance of a corona during the first half-wave, an inm- 
portant feature of the experiments is the substantial decrease in the steepness 
of the applied 50 cycle ac wave. During the subsequent 10-15 sec interval of ne 
plication of the ac voltage, there are recorded only elements of a negative cor 
which have the appearance of straight unbranched 
Increase of the ac voltage to Vyax = 264 kv leads 


‘to more frequent formation of corona elements with a somewhat more extensively 
developed system of branches and more intense luminous emission and then to forma- 
Sion i corona elements from the stalk of which there originate retarded leaders, 


130*200 


a See isible warning) forms 
— 5 q or visi 
eke a} | RT wy during the positive half- 
oe 


ona during negative half-waves, 
stalks some 3-4 cm in length. 


RRLRO 
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much as was observed for pulse voltages. 

Subsequent development of the corona elements is influenced by space charge, 
which inhibits repeat formation of the elements from the same point on the elec- 
trode with the result that successive stalks depart from different points on the 
surface of the electrode. Photographs obtained with a still camera show bunches 
consisting of a succession of superimposed brush~like branches similar to those 
obtained for a succession of voltage pulses. The formation of such bunches has 
frequently been observed in the case of conductors 1-2 cm or more in diameter. 

In evaluations of corona energy losses in the case of electric transmission 
lines the width of the high-field zone, i.e., the zone wherein there occurs in- 
tense ionization of the air adjacent to the surface of the electrode, is assumed 
to be very small: from a few millimeters to 1 cm for wires used in practice. 
Sometimes the width of the ionization zone is assumed to be zero, and the role 
of the zone is expressed by assuming a constant gradient at the conductor surface. 
These concepts are valid only for avalanche coronas. 

The conditions for formation and persistence of a self-sustaining discharge 
are determined by reproduction of photoelectrons capable of initiating new ava- 
lanches. The criterion for photoelectron reproduction has been given by Loeb 
and his school and developed further in the work of Aleksandrov? and other au- 
thors. Due attention should be given to further and more detailed investigation 
and analysis of the enumerated forms of coronas. 

With increase of V, following the pulse corona on the electrode surface, 
there begins development of retarded leaders, which appear with increasing fre- 
quency. Finally, at V = V; the leader reaches the plane electrode and is follow- 
ed by the formation of the principal discharge channel. The described discharge 
mechanism as regards the development of the leader and principal channel stages 
has also been observed in our laboratory in the case of de voltage. 


2. Leader stage 


In recent experimental work there have been established a number of signi- 
ficant details as regards the structure of the leader and the influence of the 
test circuit parameters on the development of the leader process. 

Comparison of the optical pictures and the quantitative characteristics 
(variation of i, V and l as a function of time3) for two gaps of different confi- 
guration (rod-plane and ring-plane) with different retarding resistances Ro and 
front capacitances Cr led to the deduction that in principle it is feasible to 
realize "ideal" test circuits, i.e., circuits with parameters such that they 
will not influence the course of the leader process and will in effect represent 
a source of "infinite'’ power for the process. The appropriate values of Ro = R 
are determined by the maximum value of the leader current in the given gap wpe 
a source of infinite power (‘power capacity'' of the gap) or, in specific terms 
by the gap geometry and the voltage on it. Increase of Ro above R leads to ine 
crease of iR, and decrease of V. Owing to decrease of V, the cusrene and rate 
of peverorment. of the leader decrease. When Ry is only slightly larger than R 
the changes in V, i and v occur only at the end of the leader process, where thou 
current is greatest. In this case, i = f(t) changes and the shape of the voltage 
pulse is distorted, but the total time of the leader process changes little. In 
cases when KR, is much greater than Rg,, changes in i, V and v occur during the 
entire leader process, the shape of the voltage pulse is distorted little, but 
the absolute values of i, V and v are appreciably decreased, which leads ‘to sub- 
stantial increase of the leader development time. The fact that the influence 


of Ro is strongest towards the end of the leader 
process makes the devel ; 
of the leader with increase of Rg more uniform. al 
| 
| 
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The presence of C- allows of increasing Rop» 
Since it provides an additional source of Sivan 
for the leader at the end of its development. 

The influence of Ro and Cs on the development 
of the leader process leads to disagreement between 
the voltage-time characteristics obtained under 
different conditions and in different laboratories. 
This disagreement is the greater, the greater the 

energy capacity" of the gap. Moreover, analysis 
of lightning strokes shows4 that in this case there 
acts on the gap a source of infinite power. Pos- 
sibly, this is also true of the operation of insu- 
lation under high voltages. Consequently, it is 
desirable to record voltage-time (and other) charac- 
teristics under the conditions of an "ideal" cir- 
Guat 

The following recommendations were made on the 
basis of the experimental work: 

1) The parameters of "ideal" circuits in the 
case of "low energy capacity” gaps should be Co? 

2 15 000 pf, Ry < 150 ohm and C+ 2 2000-4000 pf, 
Fig.5. 2) For elaborating new insulation standards 
and specifications: 

a) Co should be such that at the specified energy drain the voltage drop on 
the capacitors does not exceed 5%; 

b) the value of Ro should be between 50 and 150 ohn; 

c) the inductance of the discharge circuit should be minimal. 

The longitudinal potential gradient E in the leader channel in the vicinity 
of the electrode was measured by a specially developed probe technique. The ex- 
periments? showed that the value of E varies between 0.3 and 0.5 kv/cm. 

The experimentally determined variation of the channel conductivity as a 
“function of the overvoltage of the gap made it possible to plot, on the basis of 
certain assumptions, the variation of E along the entire length l of the leader 
channel. In Fig.5 the dashed line shows the evaluated values of the gradient in 
the streamer (section /,) and the avalanche (/,) parts of the leader and in the 
air gap (l,). The excess positive charge of the leader is contained not only in 
its channel but also in the cylindrical space indicated by the U-shaped dashed 
line in Fig.5. 


High Voltage Gas Discharge Laboratory, 
Power Institute, Academy of Sciences of the USSR 
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PROBE INVESTIGATIONS OF THE FIELD OF AN AC CORONA 
-~ V.I.Levitov, A.G.Lyapin & V.I.Popkov 


The principles underlying the theory of probe 
measurements in the field of an ac corona have been 
set forth in Ref.l. Essentially, they reduce to 
certain requirements regarding the relation between 
the cross sectional dimensions of the probe and the 
period of the investigated process. On the basis 
of the probe measurements one can plot for each in- 
stant of time the current-voltage characteristics 
of the probe, similar to the characteristics for 
a de corona. 

To plot such current-voltage characteristics 
one must have the variation of only the convection 
current. The probe current, however, generally 
contains, in addition to the convection current 
component, a displacement current component due to 
variation with time of the probe charge. [In prac- 
tice it is difficult to insure a constant probe 
charge, i.e., zero displacement current. Hence the 
Fig.l. Diagram of experi- displacement current must be excluded from the re- 
mental arrangement. sults in a different way. The problem is solved by 
using a probe with a grid or a differential (double) 
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probe. 
A differential probe consists of two identical cylindrical probes located 

symmetrically to the corona electrode in the investigated field. Owing to the 

symmetry, the probe currents and their components (the convection current and 

the displacement current) are equal, i.e., the current difference is zero. When 

a source of dc (bias) voltage is connected to one of the probes, the balance is 

disturbed and a difference current appears. To clarify the influence of the dc 

voltage on the components of the probe current, let us examine the following equa- 

tions characterizing the probe potentials 


UL 4 Ue = 1 $%1292+ Mw Iw 1 Ui(qs)\ 1 
Ui +0 = O41 G1 + %2_292+%-w Iw EAC eet @) 


where U._ is the alternating component of the potential, which is the same for 
both probes, U_ is the de component of the potential on the first probe, U;,(qq ) 
and U,(qs ) are the fractions of the potentials on the first and second probes due 
to space charge, and g,, q, and q, are the charges on the probes and the conductor 
(wire). Inasmuch aS @,_,= O_), % 1) =. and %_,; =a Ww» we have 


a Ue Nid, )—U2(95 ) 
a = @,_;— 9 Gj; Fy» j 
From this the difference between the convection current components is 


p(t)-k 
1-1 7a" 


lic — leg = mi “yh oe LU (do) ee yb 
and the difference between the displacement currents is 


il d 
a—a,, a Wilgs)—Us Gs)I- 


5 a 
‘haa 


= 969%— 


ye 


-Fig.2. Time variation of the unbalance current for r = 17.5 cm and different 
values of the de bias voltage U,: 1) 2365, 2) 1950, 3) 1760, 4) 1380, 5) 1045, 
6) 820 and 7) 625 v. 
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Fig.3. Current voltage characteristics of the differential probe (dyj,, = 3.09 mn, 
m = 2, r= 17.57 cm) |foriwt:, 1) 36°) 3). 45%, 3) 52 2 vance 4 ores 


im 
\ 


S 


ental 
SS 


XS 


In the absence of influence of the probes on the main discharge, which is 
obviously one of the fundamental conditions for meaningful probe measurements, 
the difference U,(q,)—U.(¢s) is zero. Consequently, the difference between 
the capacitative currents is also zero, i.e., for the case of a differential 
probe we have automatic compensation of the capacitive currents. This is what 
makes it feasible to plot current-voltage characteristics similar to the charac 
teristics for the steady-state case on the basis of probe measurements. 

The influence of the probes on the main discharge is negligible because the 
alternating voltage (applied to the probes from a special source) is at every 
instant close in value to the space potential that would obtain at the locations 
of the probes if these were not present. In our experiments the requisite ampli- 
tude and phase of the alternating voltage were set on the basis of the compensa- 
tion criterion which in the case of use of a differential probe is the condition 
for coincidence of the current-voltage characteristics of the investigated dis- 
charge before and after introduction of the probe. In practice this was realized 
by adjusting the ac circuit so that the current-voltage characteristic on the 
oscillograph screen with the probes in place would coincide with the character- 


istic, traced in India ink on the oscillograph screen, at the same voltage on 
the corona electrode in the absence of the probes. 
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Fig.4. Current voltage characteristics of the differential probe (dwire = 3.09 mn, 
m= 2, r= 17.5 cm for wt: 6) 214°, 7) 264°, 8) 276° and 9) 288°, 


ae 


After satisfactory compen- 
sation-adjustment of the ac cir- 
cuit, the chosen dc bias volt- 
age was applied to one of the 
electrodes and the oscillogram 
of the probe current difference 
was recorded. These oscillo- 
grams were essentially the 

SCC primary experimental data which 
were then subjected to the in- 
EA terpretation and processing 

A described below. 

The differential probe 
measurements were carried out 
in the experimental set-up 

. diagramed in Fig.l. The appara- 
re; tus and circuit are described 
- Fig.5. Variation of pk with time for r = 17.5 in detail in Ref.2, which also 
fem: 1 - k= f(t) for positive ions and 2 - gives the results of ee 
ok = f(t) for negative ions. tions by means of a grid probe. 


i 
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The differential probe measure- 
ments were carried out in the field 
of a 3.09 mm diameter corona elec- 
trode mounted in a 2 meter diameter 
cylinder with a relative over- 
voltage U,,/U, = 2. 

Curves giving the variation 
of the unbalance current (the dif- 
ference between the probe currents) 
as a function of the dc bias voltage 
for a probe to conductor distance 
r = 17.5 cm are shown in Fig.2. The 
corresponding curves for a number 
of other distances are similar. It 
will be evident from an examination 
of these curves that increase of 
the de voltage (of either polarity) 
is accompanied by a virtually pro- 
Fig.6. Space potential vs time curve for r = portional increase in the amplitude 

= 17.5 cm. and instantaneous values of the cur- 
rent, which is due, as has already 
been noted, to increase of the ionic component of the current through one of the 
probes. 

On the basis of the unbalance current curves, we plotted the variation of 
the instantaneous current values (at different instants) with the de bias voltage, 
i.e., the current-voltage characteristics of the differential probe. A series of 
such characteristics, corresponding to the curves of Fig.2, is shown in Figs.3 & 
4, It will be seen that the plotted current-voltage characteristics are broken 
rather than straight lines. The experimental points deviate not to one side 
(which would indicate either a systematic error or mistakes in the theoretical 
inferences) but to both sides of the "average" straight line. This indicates the 
presence of experimental errors due to chance factors. Among such factors may be 
fluctuation of the supply voltage, zero creep of the de amplifiers and uncertain- 
ties in scaling the values off the oscillograms, which were greatly enlarged. 

The slope of the average current-voltage characteristics! gives the product 
of the space charge p times the ion mobility at the given point in the field and 
the given instant, i.e., 


tan 4 = p(ti)k—, 
0 


where 
C = (a1 — %-) 7. 

The of vs time curves for positive and negative ions obtained in this manner 
for the r = 17.5 cm case are given in Fig.5. These curves, like the unbalance 
current curves, have the shape of two successive "pulses". The amplitude of the 
first pulse corresponding to "forward'' motion of the ions is appreciably higher 
than the amplitude of the second pulse corresponding to ‘reverse’ motion. 

In addition to pk, one can also determine the space potential from the cur- 
rent-voltage characteristics. This is done by prolonging the characteristics to 
intersection with the voltage axis. The intercepts between the points of inter- 
section and the origin give the difference AU between the instantaneous value of 
the compensating alternating voltage U, on the probe and the instantaneous value 
of the space potential Up at the investigated point. 
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Fig.7. Variation of the unbalance current for different field cross sections 

, (probe to electrode distances r) for dyjye = 3-09 mm, m= 2 with Uy = 2365 v: 1) 

r= 15 cm, 2) 17.5 cm, 3) 20 cm, 4) 22.5 cm, 5) 25 cm, 6) 27.5 cm, 7) 30 cm, 8) 
9) 35. 32.5 cm, 9) 35 cm, 10) 37.5 cm. 


In the absence of measurement and data processing errors, the current-voltage 
characteristics of the positive and negative charges plotted for the same instants 
- should intersect the axis at the same point. Owing to unavoidable uncertainties, 
however, the positive and negative characteristics for the same instants inter- 
sect the axis at different, although close, points. Hence for determining MAU we 


used the average value 


- 974 - 


Kc Aby eee 

The variation of AUgy with 
time for r = 17.5 cm is shown 
in Fig.6, together with the 
curve for the compensating 
voltage Ug = f(t) and the curve 
for the space potential U, = 
= f(t). This curve is the sum 
of the other two curves, i.e., 


O, (ti) =Ucl(t t;) + AV ay (é i) 


Similar measurements and 
calculations were carried out 
for probe to conductor distan- 
ces in the range from 12.5 to 


ily er alitse ZH | 42.5 cm. The unbalance current 
ae > Ap — mill curves for a number of probe- 
/] -to-conductor distances (r) ob- 
we H), tained with a dc bias voltage 
| \ AN U, = 2365 v are shown in Fig.7. 
bars) i It will be evident that the 
points corresponding to the be- 
EC) Beste 
: pulses, i.e., to the arrival 
HD A 
iainlee ti given point in space, shift to 


longer times with increase of r. 
The pe = f(t) curves for a 

number of distances are given 

in Fig.8. A notable feature 

of these curves is the diminu- 


Fig.8. Variation of 0 for different r: 1) tion of the difference between 
= 15 cm, 2) 17.5 cm, 3) 20 cm, 4) 22.5 cm, the amplitudes of the forward 
5) 25 cm, 6) 27.5 cm, 7) 35 cm, 8) 37.5 cm. and reverse pulses with increase 


of the probe to conductor dis- 

tance; at the same time both amplitudes decrease, For distances r greater than 
30 cm the difference becomes so small that one can justifiably speak of the vir- 
tual time invariance and spatial uniformity of the space charge density at these 
points. 3 

On the basis of the maximum values of ok and the known mobility values for 
normal ions (2, = 1.4 cm2 y-l sec-l and &_ = 1.8 cm? v~! sec-1) we obtained the 
variations of the maximum space charge density as a function of r shown in Fig.9. 

In addition to the data on ok, we obtained the space potential vs time curves 
(Fig.10) for different r from the experimental current-voltage characteristics. 
These curves for relatively small probe-to-conductor distances are distinctly dis- 
torted, the influence of third and fifth harmonics being particularly evident. 
With increase of r, the distortion of the space potential curves decreases and 


the shape of the curves approaches the shape of the total charge curve of the 
investigated corona gap. 


=O On 
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PIs coaton en We shall not analyze the experimen- 
tal results in greater detail here, inas- 
much as the primary purpose of the pres- 
ent work was to develop a probe proce- 
dure for investigation of ac corona fields. 
In conclusion, it may be noted that 

our experimental results show that it is 
feasible to realize probe measurements 

in an ac field; they also substantiate 

the validity of the theoretical concepts 


upon which the experimental procedure is 
based. 


cross section (probe to electrode distance 
me 
Fig.10. Space potential vs time curves for 
different r; 1) 12.5 em, 2) 15 cm, 3) 17.5 
cm, 4) 20 cm, 5) 25 cm, 6) 30 cm. 
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= <Fig.9. Variation of the maximum space 
a charge density as a function of the field 
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ELEMENTARY PROCESSES IN THE IONIZATION ZONE OF CORONA DISCHARGES 
AT ATMOSPHERIC PRESSURE 
- G.N. Aleksandrov 


An understanding of the elementary processes occurring in the ionization 
zone of corona gaps is essential to determination of the field intensity on the 
surface of corona electrodes. 

Corona discharges occur in highly inhomogeneous fields and are characterized 
by the presence of two regions in the discharge gap. The inner region comprises 
the ionization zone and has a very high field intensity. In the outer (dark) re- 
gion the ions formed by the discharge move in a relatively weak field. 

The current of a positive corona at low corona voltages is not continuous: 
it consists of an irregular sequence of avalanche pulses alternating with stream- 
ers. The rise pulses, i.e., surges of corona current, is connected with the ex- 
istence of local conditions for self-maintenance of the discharge for brief in- 
tervals. During such intervals the current through the corona gap increases by 
2-3 orders of magnitude. When the voltage is increased above the starting value, 
the current fluctuations rapidly die down and there is established a steady-state 
positive corona. The current fluctuations in a positive corona are determined 
by the conditions of the formation of the outer region of the corona gap and do 
not depend on any processes in the ionization zone. The transition from a fluc- 
tuating to a steady state in the case of a positive corona is not marked by any 
changes in the character of the corona current vs voltage curve. Hence in the 
present report we shall not discuss the conditions for a steady~state positive 
corona. 

The natural source of secondary electrons in a unipolar positive corona is 
photoionization in the ambient gas. The condition for the appearance of a posi- 
tive corona are usually formulated as the condition for production of individual 
avalanches. Loeb and his co-workers! have shown, however, that absorption by the 
gas of the radiation of an individual avalanche can lead to the appearance of 
several photoelectrons, each of which in turn can initiate a more or less power- 
ful electron avalanche. All these avalanches participate in the development (or 
maintenance) of the discharge. Analysis of the conditions for formation of a 
positive unipolar corona taking into account all the avalanches occurring in the 
ionization zone led to a new formulation of the condition for the appearance of 
a corona as the condition for production of the full number of photons in the 
ionization zone, generated (by excitation of the gas molecules) by the initial 
and subsequent avalanches: 3 

pel rote 
0.5 kny. \ Koff [exp (! adr—yo)]do = 1, Q) 

SI PA a br 0 of 
where k = 6°/a (« is the first Townsend ionization coefficient), 6 is the number of 
photons produced by an electron avalanche per 1 cm path, y, is the quantum yield 
of photoelectrons, » is the radiation absorption coefficient of the gas, r, is 
the radius of the conductor, p is the distance from the point on the surface of 
the conductor, that may be regarded as the point of emergence of all the photons 
produced by the initial avalanche*, to an arbitrary point in the gas volume, and 
kepp is the photoelectron efficiency coefficient which takes into account differs 
ences in the power of the avalanches initiated by absorption of photons and propa- 
gating in different directions with p = const. Eq.(1), which does not contain o 
number of photons of the initial avalanche and which was deduced from the condi- 
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*The assumption that all the photons emer j 
ge from one point is justifi 
at gas. pressures close to atmospheric or higher. : ae 
reer ’ | 


OE tim 


tion of production of the total number of photons in 
condition for the generation of an individual photon 
The value of ky, calculated3,4 from the results 
tial potential of a positive corona with a conductor 1.4 em in diameter (Et = 
= 41.5 kv/em) for u = 6 em] proved to be 1.74°10-3, which is a plausible value. 
This figure is almost three times smaller than the value of ky, (4.7°1073) ob- 
tained from the same data on the assumption of an i 
mechanism. ? Inasmuch as it would appear therefore that the mechanism of genera- 
tion of the total number of photons in the ionization zone is energetically more 
advantageous than the mechanism of production of an individual avalanche, it 
follows that the former mechanism responsible for the appearance of positive co- 
ronas. 
Negative coronas do not have a steady state. The positive and negative 
Space charges formed by the corona accumulate close to the corona "spot" at dif- 
ferent distances from the electrode surface. This leads to a sharp increase in 
the intensity of the discharge. However, owing to differences in the rates of 
removal of positive and negative ions from the corona gap, the discharge from a 
given ''spot" soon ceases.© The current of a negative corona therefore consists 
of a series of regular pulses (Trichel pulses) of 1077 to 1076 sec duration and 
with a current rise time of the order of 1077 sec. A discharge of this charac- 
ter can be assured only by photoelectric processes, namely, photoionization in 
the volume of the gas and a photoeffect on the electrode surface. Calculations 
(carried out for conductor diameters of up to 1.5 cm) showed that the contribu- 
tion of the first process to the production of secondary electrons in a negative 
corona is small compared to the contribution of the latter process.3 The condi- 
_tion for the appearance of a negative corona may therefore be approximately formu- 
lated as the condition for production of an individual avalanche propagating from 
the surface of the conductor; mathematically it is described by the relation 
rj Tote 


kong | gu (exp ( J adr —up)dr =1, (2) 


To 


the ionization zone, is the 
in the ionization zone. 
of measurements of the ini- 


ndividual avalanche production 
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“where Y2. is the quantum yield of electrons from the conductor surface, 7; is the 
radius of the outer boundary of the ionization zone and ¢, is a geometric factor 
taking into account different photon losses due to absorption in the gas and in- 
homogeneities of the electric field. 

: Calculations showed that condition (2) is in agreement with the experimental 
dependence of the initial voltage of a negative corona on the radius of the con- 
ductor in a wide range of conductor radii for yp = 6 em-1 and a constant value of 
the quantum yield of electrons (ky, = 0.68°1074). At the same time, the experi- 
| mental dependence of the initial corona voltage on the radius of the conductor 
satisfies the condition for self-maintenance of the discharge in the form 

5 . 

y fexp( \edry— 1] = 1, (3) 


To 


} 
which assumes emergence of electrons from the surface of the conductor because of 
bombardment by positive ions, only if one assumes a substantial beetle of 7 

with the conductor radius. Thus, according to the data of Tikhodeev for thin 


conductors, 7 must be of the order of 10-3, whereas for thick conductors (radius 


over 1 cm) it should be of the order of 10-4. So appreciable a variation of 7 


-eannot be theoretically justified. ‘ 
Bipolar corona discharges may occur in the case of dc voltages with two op 


positely charged conductors or in the case of ac voltages wath all possible co- 
Bona systems (gap configurations) assuring retention of ions in the gap. Such 


za 
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bipolar corona discharges are characterized by the intrusion into the positive 

or negative ionization zone at each conductor of ions of opposite charge formed 
in the ionization zone of the other conductor in the case of dc voltage or during 
the preceding half-cycle in the zone of the same conductor in the case of ac 
voltage.® It will be apparent that bipolar coronas actually obtain in virtually 
all corona systems of interest from the practical standpoint. 

The intrusion of positive ions into the ionization zone of a negative corona 
cannot have a significant effect on the condition for self-maintenance of the 
discharge because, as was noted above, the specific interrupted character of 
negative coronas can be assured only by photoelectric processes. Hence condition 
(2) is also entirely valid for negative coronas in bipolar discharges. 

When negative ions invade the jonization zone of a positive corona, they 
may decay with the formation of free electrons. The decay of negative ions has 
been investigated repeatedly. According to the data collected in Loeb's pook , 2 
the highest probability is for decay in a second order collision with an excited 
atom or molecule (M7 + N' ~M+N +e), particularly if the excitation energy 
of the molecule is close to the energy necessary for detaching an electron from 
the ion. From the data cited by Loeb, it may be inferred that the excitation 
energy of the first vibrational levels of 0g and Ng molecules is close to the 
energy for detachment of an electron from 05. Inasmuch as in the ionization 


zone of a positive corona electron avalanches excite a far greater number of mole- 


cules than are ionized, the probability of decay of negative ions within the 
ionization zone must be fairly high. Thus a continuous inflow of negative ions 
may serve as an addition source of initiating electrons in the ionization zone 
of a positive corona; this, however, can have an appreciable influence on the 
condition for self-maintenance of the discharge only if it is steady (not inter- 
mittent). Since, as noted above, intermittent effects close to the voltage of 
initiation of a unipolar positive corona are determined only by the conditions 
of formation of the outer region of the corona discharge and are not connected 
with any specific processes, we can consider the conditions for self-maintenance 
of a continuous positive corona in the presence of a continuous flux of negative 
ions, treating the space charge of negative ions as a sort of stabilizer of the 
positive corona under bipolar discharge conditions. In this case the condition 
for the appearance of a positive corona under bipolar conditions may be written 
in the form3>9; 
(oo) rote rt 
0.5 kit | ke retexp ( \ a dr—wp)}dp = 1 — 8) 2" In* [exp ( \zdr)— 41], (4) 
0 To To 

where ~ is the probability for disintegration of ions within the ionization zone 
— is the efficiency coefficient of the forming electrons and n* and n- are the ; 
concentrations of the positive and negative ions, respectively, at the boundary 
of the ionization zone of the positive corona. 

The critical positive corona voltage defined by Eq. (4) is lower than the 
starting voltage for a positive corona characterized by Eq.(1) as a function of 
the concentration ratio of positive and negative ions at the boundary of the 
ionization zone. The highest n/n*t ratio will obtain close to the voltage of the 
initiation of the corona, when virtually all the ions formed in the ionization 
zone of the negative corona approach the ionization zone of the positive corona 
inasmuch as at the prevailing low ion concentrations under these conditions ions 
recombination is not intense. With increase of the voltage above the corona ini- 
tiating value, the concentrations of ions of both polarities increase. At the 
same time recombination becomes more intense. Moreover, in the case of an ac 
voltage® part of the space charge formed in the preceding voltage half-cycle does 
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not return to the electrode in the succeeding half- 
cycle, but continues to drift in the corona gap. 
With a 1.5-2-fold overvoltage (relative. to the ini- 
tial corona voltage) the ratio n/n* both with de 
voltage (bipolar corona) 19 and with ac voltage® 
does not exceed 0.1-0.2, Consequently, a bipolar 
corona discharge starts at the lowest possible 
critical voltage E, of the positive corona given 

by Eq.(4) for n/n*~1. With increase of the volt- 
age above the initial (starting) one, the critical 
voltage of a positive corona increases with decrease 
of n/n* in accord with (4). 

In accord with the above, the process of ini- 
Fig.1. Variation of the dc tiation of a bipolar corona with either dc or ac 
component of the corona cur- voltage may be described as follows. With gradual 
rent (0.588 cm diameter con- smooth increase of the voltage on the gap, first, 


ductor in a 30 cm diameter upon attainment of a voltage EZ on the surface of 

cylinder) with the amplitude the negatively charged conductor, there appears a 

of the 50 cps voltage: 1) negative corona (in the range of variation of con- 
Clean electrode surface, 2) ductor radii of practical interest, Ej < BDE The 
soap film on electrode sur- negative ions forming in the ionization zone of 
face. the negative corona after a certain period invade 


the region of the strong field of the positively 

charged conductor (self-sustaining discharge region). A chance electron ava- 
-lanche leads to the formation of a brief spark which is rapidly extinguished in 
the absence of an additional source of secondary electrons (photons). The nega- 
tive ions, decaying upon collision with gas molecules, excited by such a series 
of avalanches, play the role of such an auxiliary source of electrons. A chance 
avalanche, which in the absence of an external source of electrons, could not 
lead to the onset of a self-sustaining discharge, in the presence of negative 
yions initiates the process of self-maintaining ionization. 

tf Ear E., the bipolar corona current is maintained at a voltage lower than 
the voltage fot initiation of an ordinary negative corona. Actually, if the am- 
plitude of the ac voltage across the corona system is gradually increased, the 
corona current (the compensated current through the gap) is established suddenly 
at a voltage corresponding to Ej (for both polarities of the voltage). With 
gradual decrease of the voltage amplitude, the corona current does not cut off 
at the initiation voltage but continues to decrease down to a certain voltage 
somewhat below this, at which point it ceases.” This effect can be observed only 
when Ee SB iy inasmuch as the initial voltages of the negative coronas in unipol- 
ar and bipolar discharges are equal. Thus near the initial voltage a bipolar 

corona is maintained with different charges on the conductors: 


Io =- 2Qnr,Ec < do = 2nr Ey 


This inequality is compensated by an excess of positive space charge. Thus, 
in the case of dc voltage, the zero potential line is shifted toward the negative 
conductor.11 in the case of ac voltage, one can observe a positive dc component 

‘of the corona current near the initial voltage (Fig.1) although the mobility of 

positive ions is less than that of negative ions. It papi nteres ines to note that 

with increase of the voltage the positive dc component gives way to a negative 

one (see Fig.1), which indicates a change in the ratio between Eg and Ej. 
Further confirmation of the picture of this effect is furnished by the fol- 

lowing experiment. After recording the purrenteyattage characteriett’ of ee 

dc component of the corona current as shown by curve 1 in Fig.l, a soap film was 
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applied to the electrode. 

ave That the current-voltage 

ate ‘cae characteristic of a unipolar 
: positive corona is not alter- 
ed by the application of such 
soap film is indicated by ab- 
sence of distortion of the 
field near the conductor (see 
Fig.2). On the other hand, 
as will be evident from Fig. 
3, the initial (starting) 
voltage of the negative co- 
rona was reduced as a result 
of application of the soap 
film. As will be evident 
from curve 2 in Fig.l, the 
current-voltage character- 
istic of the dc component 

of the corona current with 


60 


Het Ot 
U,kv 
Fig.2. Current- 
voltage character- 
istic of a unipolar 40 
positive corona 
(0.588 cm diameter 
conductor in a 30 
em diameter cylin- 


der) on the basis oF 56 52 Uk ac voltage was greatly alter- 
of measurements d ed by the soap film. The 
with a clean sur- Fig.3. Current-voltage maximum of the curve went 
face conductor and characteristics of negative down and the zero current 
with a soap film corona (0.588 cm conductor point shifted to the side of 
on the conductor in 30 cm diameter cylinder): lower voltages. This occur- 
surface: @ - clean 1) clean conductor surface, red because in the presence 
surface; O - with 2) soap film on conductor. of the soap film the differ- 
soap film. ence between E~ and Ej was 


appreciably reduced, owing 
to the fact that Ej; decreased 
substantially, whereas Et remained virtually constant. 
In view of the noted distortion of the field in the discharge gap by the 
ionic space charge (predominance of positive space charge over negative), one 
can define the equivalent critical corona voltage in a bipolar discharge by the 
relation: 


Eob = (Et + E5)/2; (5) 


by means of this relation one can readily obtain the critical voltage for a posi- 
tive corona from the measured valués of Egp and Ej (Egp is the voltage at which 
the discharge ceases as the amplitude of the ac voltage is gradually decreased). 
For example, the following data were obtained in measurements” of the initial co- 
rona voltages with a conductor 1.4 cm in diameter in a 30 cm diameter, 2 m long 
cylinder: 


+ - 
E; = 41.5 kv/em, Ej = 40.6 kv/cm and Egp = 40.1 kv/cm. 


From this we obtain 


gt Digt 


a | 
Et = 2 x 40.1 - 40.6 = 39.6 kv/em and —~;—© = 4.6%. 
E 
i 


= 98] — 


The variation of the critical voltage of 
a positive corona as a function of n/n* and cal- 
culated by means of (4) is shown in Fig.4. It 
will be evident that under conditions of practi- 
cal interest (n-/n* = 0.1-0.2) the critical volt- 
age of a positive corona is approximately equal 
to the initial voltage of a negative corona, i.e., 
Eco ¥ Ej. 

In view of the above there can be no doubt 
that there exists a critical positive corona re- 
gime that arises in the presence of a counter- 
flow of negative ions. In view of the premises 
upon which the derivation of (4) was based, it 
may be inferred that a positive corona discharge 
in a bipolar (critical) regime is continuous 


* 
afar 


Fig.4. Variation of the criti- 


Cal voltage of a positive co- from the instant of its initiation (in contrast 
rona of a 1.4 cm diameter con- to a unipolar positive corona). Naturally, this 
ductor (1) and deviation of inference is still in need of experimental veri- 


this critical voltage from the fication. 
initial voltage for a positive 


corona (2) as functions of the References 
ratio n/n*, obtained from Eq. bhi’: Bose 
(4). The value of 0.65-1073 1. L.Loeb & R.Wijsman, J.Appl.Phys., 19, 
for &) was obtained on the as- 797 (1948). 

sumption that at the critical 2. L.Loeb & C.Miller, J.Appl.Phys., 22, 494 
_voltage of an ac corona (1951). 

an 3. G.N.Aleksandrov, Zhur.tekh.fiz., 26, 2640 


(1956). (Trans.Soviet Physics - Tech.Physics). 

4. C.Duchene, J.phys.et radium, 7, 533 (1936). 
- 5. G.N.Aleksandrov, Zhur.tekh.fiz., 26, 1769 (1956). (Trans.Soviet Physics 
' = Tech.Physics.) 
6. G.N.Aleksandrov, Ibid., 26, 2634 (1956). 
7. N.N.Tikhodeev, Dissertation, Leningrad Polytechnic Inst., 1955. 
8. G.N.Aleksandrov, Zhur.tekh.fiz., 25, 1905 (1955); Ibid., 27, 784 (1957). 
(Trans.Soviet Physics - Tech.Physics). 
9. L.B.Loeb, Fundamental Processes of Electrical Discharges in Gases, N.Y., 
1939. (Cited in Russian trans.) 

10. L.E.Tsyrlin, Dissertation, Leningrad Polytechnic Inst., 1958. 
| 11. V.I.Popkov, Izv.AN SSSR, Otd., tekhn.nauk., (Bulletin, USSR Ac. of Sci., 
Div. Tech.Sciences) , No.4, 433 (1948). 


- 982 - 


CHARGE DENSITY OSCILLATION WAVES IN A CYLINDRICAL PLASMA 
- M.Ya.Vasil'eva, A.A.Zaitsev & E.D, Zndryukhina 


In an ionized gas there may appear acoustical modes associated with electro- 
static oscillations of the positive ions. The ion oscillation frequency is 


ne? a7 
fi ~< ne? m,A (1) 
Tm; AT : 


e 


where m; is the ion mass, 7, is the absolute temperature of the electron gas, and 
»\ is the wavelength of the plane waves (for nonsinusoidal perturbations, X\ is ap- 
proximately equal to the displacement of the ions). At values of X that are large 


ISIE SB : 
compared to the Debye length, the oscillation frequency /,; equals | ai [> in 
this case the group and phase velocities attain a value of ae: 


kT 1/y 
Dep =i Su (2) 
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Electroacoustic waves have been treated theoretically by Langmuir!, Spitzer? 


and a number of other authors. So far, however, they have not been observed ex- 
perimentally. 

The results of the present work show that at low gas pressures there are ob- 
served in the plasma of the positive column wave-like processes that move from 
the cathode to the anode with a velocity that is nearly independent of the fre- 
quency. The measured values of the velocity are close to the values calculated 
by means of Eq. (1). 

Noise in a wide band of frequencies (from kilocycles to megocycles) and os- 
cillations with discrete frequencies are often generated in gas discharges. Under 
ordinary conditions the oscillations, which may have an amplitude of 10 v or more, 
are, as a rule, produced either by instability of the anode fall of potential or 
by the presence of moving striations in the positive column. In practice, one 
can expect to detect ionic oscillations only under conditions when anode oscilla- 
tions and moving striations are absent. The conditions determining the appear- 
ance of anode oscillations depend on the size and shape of the anode surface; 
through appropriate choice of the anode geometry one can assure a fully stable 
anode potential fall. The mechanism responsible for the striations and the rea- 
sons for their presence or absence must be sought in the specific attributes of 
the positive column plasma. s 

Earlier one of us? described experiments in which moving striations were 
produced artificially. When the positive column shows a tendency to striate 
under the influence of periodic oscillations applied to the discharge from an ex- 
ternal source, one can artificially produce and maintain striations traveling 
from the anode to the cathode (hereinafter "anode striations"). Depending on 
the character of the external perturbing source and the condition of the discharge 
itself, the striations appear either over the entire length of the positive col- | 
umn or only in a part of it (generally in the part between the anode and the point 
where the disturbing oscillations are injected). 

The anode striations may also form in the transient state following a one- 
time disturbance of the discharge. In this case, however, the striations soon 
disappear and the positive column returns to its initial condition. This effect 
can obviously be utilized for investigating the formation of anode striations. ; 

The present work is a continuation of the research described in Ref.3. Here 
we give the results of an experimental investigation of the wave-like processes | 
induced in the positive column by artificial periodic disturbance of the discharge 
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A, arb. units and consider the following questions. 

Q 1. Is there a lower bound of the pressure at which 
the anode striations disappear (as the pressure in the 
discharge tube is gradually reduced) ? 

2. Aside from anode striations, can there exist 
other wave-like effects in the discharge column and, if 
so, what are their characteristics? 

In the present experiments we used discharge tubes 
a 7 a 2.2, Stor es.6 om in diameter, 42 cm in length and filled 

vers with argon, helium or xenon. In each case the cathode 
= was an oxidized spiral; the anodes were made in the form 
of a hollow cone, inasmuch as this anode design assures 
tude of the luminous a small and stable anode potential fall. The anode cur- 
intensity oscillations rent values ranged up to 300 ma. To disturb the dis- 
of the column associated charge we used the ac voltage from an oscillator, which 


Variation of the ampli- 


with artificial anode was applied between the cathode and an auxiliary elec- 
striations as a function trode, i.e., a wire located 2-3 mm in front of the cath- 
of the frequency (i = ode. The appearance of the wave-like effect in the posi- 


= 0.1 amp): 1) p = 0.8 tive column and the direction of its motion were detect- 

mm Hg, 2) 0.5 mm Hg, 3) ed and observed by means of a photomultiplier (or two 

0.2 mm Hg. probes) and a cathode-ray oscillograph. Specifically, 

we measured the frequency vv. and the length |. (thick- 
ness along the tube) of the mobile striations (the period of the wave-like pro- 
cess). For measuring |. the oscillograph sweep was synchornized with the frequen- 
cy of the oscillator. With displacement of the photomultiplier a distance equal 
to the thickness of a striation the trace on the screen shifted one period. 

In helium filled tubes no natural (spontaneous) anode striations were ob- 
served at a pressure of 0.9 mm Hg and currents weaker than 60-130 ma. At lower 
pressures, natural striations do not form even with stronger currents. There is, 
however, generated noise with an amplitude at least an order magnitude lower than 
» that of the oscillations associated with the moving striations. Under these con- 

ditions application of the external periodic perturbing agency (i.e., an oscil- 
lating voltage) leads to the formation of artificial striations at pressures rang- 
ing down to a few hundredths of a millimeter Hg. The number of artificial stria- 
tions passing per second is equal to the frequency of the external oscillator. 
The variation of the amplitude of oscillation of the luminous intensity of 
the positive column as a function of the frequency is shown in the accompanying 
figure. A noteworthy feature of the curves is the presence of a "resonance fre- 
quency’, i.e., a frequency characterized by a pronounced maximum amplitude. At 
this frequency, the artificial striations are sharpest. The frequency dependence 
of the striations was noted earlier in Ref.4. With decreasing pressure the en- 
tire picture is shifted to the side of higher frequencies, and moreover, the fre- 
quency band of the artificial striations is broadened. For natural striations, 

» the frequency ¥% is proportional to the pressure p, i.e, is a function of the 
product of the tube radius r by the pressure. The values of the. resonance fre- 
quency to pressure ratio for artificial layers fit the prolongation of the v,/p = 

= f(rp) curve for natural striations. 

z The values of the length and frequency of the striations and of the velocity 

of the anode to cathode travel of the striations in helium at different pressures 

and two tube radii are listed in Table 1. In all cases the discharge current 
. pease’ te 33: have discussed the formation mechanisn of the peer ET Aa Re ano 
from the standpoint of the theory of electro-acoustic waves in plasma. ’ How- 

ever, moving striations, in contrast to acoustic waves, are characterized by a 


- 984 - 


In the 


higher dispersion. This effect was first observed in the work of Ref.3. 
present investigation we studied this effect in greater detail. 


Table 1 


p=0,7 = i ace 8.5 | 8,8 | 8,9 | 9,0 
!'mm Hg 
Prnfeee | 8-402 | 12,4 sa 47-102 | 22.102 26, 7-402 
oo ee | 30 | 40 | 50 Fe 70 
ee om | 8,4 | 2 ae a | 8,8 | 9.0 | 9.3 
mm bg 
», m/sec | 12,4102] 16,4-102 |25,5-40°|35,2-102 45-402 [65,1102 
ve ke | 30 | 40 | 60 | 70 80 | 95 
POU ee eee | 90 | 92 es | 9.8 
mm H¢ 
wen/see | 24,6-102| 33,6-10° 54.102 |64,4-402| 75-102 |o3,4-102 
ve, Ke | 14 | 48 | 20 | 25 27 | 30 
roe item) P= 98 | | 6,6 | 7,2 7,5 7.7 
on| oie |e | 5,5 6,3 | 
pleee | 7,7:402 | 11,3-408 13,2-402| 48-102 20,2-402|23,1.40? 


At a pressure of 0.01 mm Hg new effects appear in helium. First, there is 
a noticeable change in the character of the cathode glow as a result of applica- 
tion of an external disturbing influence. Whereas in an undisturbed discharge 
there is a dark space with definite boundaries separating the positive column 
from the cathode glow, upon application of the disturbing oscillations the dark 
region disappears and the positive column luminosity fills the entire tube. Un- 
der these conditions there appears in the column a wave-like process that travels 
from the cathode to the anode ("cathode striations’). The cathode striations 
appear only within a certain range of variation of the external oscillation fre- 


quency. Propagation of the wave-like process is accompanied by periodic altera- 
tions in the luminous intensity of 
Table 2 the gas over the length of the col- 
umn. By moving the photomultiplier 
Ramee (a. ao | 950 | 3 z (or probes) along the length of the 
discharge tube, one can observe 
ada t} att | Wont | 9,9 | 3y0 that the phase of the luminous os- 
mn H¢ oo | 30,6.403 | 3h, 7-102 ES ae sincerity Pa varies continuously. 
sults of measurements for a 
ve» ke | 250 | 300 } 5 helium filled tube of 1.5 cm radius 
p = 0,009 j | 14:8 Apts ma with i = 30 ma are shown in Table 2. 
aire que , | , | : It will be evident from the 
aI | 34.408 | 34,8-103 | 39-103 tabular data that with increasing 
frequency the thickness of the cath- 
ve» ke | 300 | 400 | 8 ode striations decreases, while 
p = 0,007 rman BEET We erent oT their rate of travel changes little. 
mm té We can take advantage of this data 
v, m/sec | 36-108 | 37,2-103 | 38-108 to compare the behavior of the 


cathode striations with that of 
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the electro-acoustic Waves. According to Eq.(2), the velocity of electro- 
acoustic waves is determined by the electron temperature and the ion mass. The 
electron temperature in helium at a pressure of 0.01 mm and i = 30 ma, as deter- 
mined by a Langmuir probe, proved to be 205°1030x, Substitution of this value 

of T, in the theoretical formula leads to 20.5°103 m/sec for the electro-acoustic 
Wave velocity; this is about 30% lower than the velocity of the cathode striations 
measured under the same conditions. In a tube of 1.8 cm radius (p = 6.5-10-3 mm 
Hg, i= 70 ma, v, = 250 ke) the striation travel velocity was 31-103 m/sec. We 
made an attempt to observe cathode striations in tubes of smaller rad 


1 cm), but found that in narrower tubes the disch 
about 0.01 mm Hg. 


Propagation of the wave-like process (cathode striations) from the cathode 
to the anode was also observed in argon and xenon. In these gases, the anode 
striations disappear at lower pressures (3-4°10-3 mm Hg). Accordingly, the mini- 
Imum pressure at which cathode striations appear in these gases is also reduced. 

In the heavier gases, the cathode striations are quickly attenuated in moving 
down the positive column. Thus in a tube of 1.8 cm radius filled with argon at 
3-107-3 mm Hg cathode striations having a length of 4.5 cm are observed at distan- 
ces up to 7-9 cm from the cathode. The velocity of the striations at a frequency 
of 110 kc is 4.95-103 m/sec. probe measurements under these conditions yield an 
electron temperature of 84:109%, According to Eq. (2), the electro-acoustic wave 
velocity at this temperature should be 4.2-10°% m/sec. 

It must be noted, however, that the theory of electro-acoustic waves is based 
on a homogeneous infinite plasma. Actually, in the plasma of a gas discharge in | 
_a cylindrical tube the density of the charged particles over the cross section is 
not uniform. Hence one must be cautious in comparing theory with experiment. 
Nevertheless, some of the attributes of cathode striations are qualitatively de- 
scribed by the theory of electro-acoustic waves. 


ius (0.7 and 
arge dies out at a pressure of 
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POSITIVE DISCHARGE COLUMN UNDER DIFFUSION CONDITIONS 
- V.M. Zakharova, Yu.M,Kagan & v.I.Perel' 


Whereas the theory of the positive column in low pressure discharges, devel- 
oped by Schottky! and Langmuir & Tonks”, has been subjected to careful and sys- 
tematic comparison with experiment in the work of B.N.Klyarfel'd, the processes 
occurring in the column under conditions where diffusion is significant have 
scarcely been studied. At present such investigation has become possible owing 
to the appearance of reliable data on the cross section for charge exchange of 
jons with the atoms of the parent gas and on the mobility of atoms in the parent 
gas. 

It was assumed by Schottky! and Tonks & Langmuir? that the ion drift veloci- 
ty in the radial direction is proportional to the field strength. Experimental 
results” show that this is true only in weak fields when eE /pq <1, where E is 
the field strength, p is the gas pressure and q is the cross section for ion-atom 
collisions. In the positive column the radial field strength is a function of 
the distance from the axis of the discharge, and the above inequality is ful- 
filled only for the region in the vicinity of the axis. This was pointed out 
by Frost‘, who using the balance equation for electrons and ions in the plasma 
(on the assumption of quasi-neutrality and a Boltzmann distribution of electrons 
over the cross section), 


1 —7 Pas 
Ucn alee Lea (1) 


Ls 
r ar 
eV (r) 


where 7y=— iT, 


and v is the ion drift velocity, investigated the influence of 
variable ionic mobility on the distribution of potential V (r) and concentration 
n(r) over the radius and on the relation between the number Z of ionizations per 
electron per unit time and the electron gas temperature 

In the present work, making use of Frost's theory, we derived a number of 
relationships convenient for comparison with experiment and carried out a com- 
parison for the positive column in discharges in Hg, A and K. We also consider 
the question of the boundary of the plasma and the region of the wall layer 
(sheath). 

1. In view of the fact that in Frost's work the results for variation of 
the field and concentration, which were obtained by numerical integration of the 
balance equation, are given in the form of curves only for one value of the para- 
meter, it proved necessary to carry out similar calculations for a number of 
other values of the parameter for the purpose of obtaining interpolation formulas. 
We determined the coefficients », and a in the approximate expression for the 
drift velocity proposed by Frost, 


eee eee 
(14+aE/p) 2 ’ (2) 


from the following expressions for the ion drift velocity: ° 


2kT e 
Ibo = 0.24/ G- 5> and a = 0.05n a (3) 
where T is the temperature of the gas and e and M are the ion charge and mass 
These relationships make it possible to make use of Frost's appro 
even in cases when the experimental dependence of v on E/p is not clearly known 
(mercury and alkali metals). The calculated distributions of potential and con- 
centration for 7 < 1 are closely approximated by the formulas 
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$s 
Y= —KInJo( 2.4 =) and n=no| J, (2.4 reels 
Pere K =| Soa ie ee) 


_ sz) <1; the factor 2.4 is the first root of the Bessel function Eo. 


= { Ze , 
\ HokT', (5) 


Soo is the value of s at which the field 


strength becomes infinite. The i pss 
lation formula for s. is e interpo 


So = 2.4 - 0.71 log (1.57 § + 1): (6) 
DOK 
where § = 1.8 erase »% is the ion free path, and R is the radius of the discharge 
tube. In the Schottky case (ion mobility constant) § < l. Obviously, this cri- 
terion does not agree with the criterion for diffusion conditions (\/R « 1), 
‘Owing to the large value of the factor T./T. Thus the influence of variable 
ionic mobility must become significant in the pressure range where 


T r 
are BG (1D 


As will be shown below, in the case of interest to us the boundary of the 
quasi-neutral plasma is close to s, and the wall layer may be regarded as thin. 


Then, = => and by means of Eq.(5) we obtain the following balance equation 
co 
agi 2kT 4 
0.133 4/ HE 1 5a, (3) 


The number N of ions per unit column length and the density Pp Of the ion 
current to the wall on the basis of calculations may be approximated by the formu- 
las "i ie 

a, ae 2kT. 9 
» N= =e and Pp 0.07 Y/ er 163° Soo , (9) 
where 7, is the electron concentration at the discharge axis. 

2. Following Tonks & Langmuir?, we define the boundary of the plasma as the 
‘line beyond which the degree of deviation from quasi-neutrality (determined by 


. 


n ee 2 : 
the relation - <—e, where n, and n, are the ion and electron concentrations, 
P 


respectively) is no longer small. Poisson's equation can be written in the form 


a cae h?Agn, (10) 


where h=(—4)" is the Debye radius, and the derivatives in the Laplacian are 
| \AT MN € 
aken with respect to s. It follows from Eq. (1) that at the plasma boundary 


3 


SS h\2 - 2 
pie eee tf "p _ 0.16V 25-Sa(S0—8), and ¢=2.2(7) eae: (11) 


“ds” 2 845-78 v Tio eee 
Let us set ¢= 0.1. Then for a discharge in mercury vapor at a pressure of 
10-1 mm Hg in a tube of radius R = 1.5 cm, we have 


Tees 1.2°104 °%K, 5= 1.7 and syw= 2. 
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With a current of 400 ma, %= 2°1041 and Soo —S = 2-10-72, 

With a current of 1.5 amp, n, = 1012 and so—s = 1.2°1072, 

These examples show that the boundary of the region of quasi-neutrality is 
very close to the value of ‘So. For these cases aE/p~10 > 1, and, consequently, 
the assumption made by Schottky and Tonks & Langmuir that the ion mobility is 
constant is inadmissible near the plasma boundary. For the drift velocity and 
ion concentration near the plasma boundary we obtain 


os rT 2 254 A221 
p= 0.25 J/ AE sesh (Ze, 2 =03 | I (12) 

Making use of Eq.(12) and the relation y—=Inn,/n., we can find the potential 
near the plasma boundary. For the above illustrated cases we obtain 0.06 and 
0.05, respectively, for n,/n,, and 2.8 and 3.0 for fn. 

Turning to the question of the space charge layer near the walls, we note 
that in the pressure range of interest to us, it is expedient to examine the 
case when the layer thickness dA, where 4 is the ion free path. Here we make 
a number of simplifying assumptions. First, ignoring the distribution of ions 
in velocity, we will consider a flux of ions having equal velocities. 

We assume a Boltzmann distribution for the electrons in the layer. Then, 
taking into account the draining off of electrons by the wall leads to the ex- 
pression 


1 ce i 
Tey Moe Ale OD (isa) 


where @ is the probability integral and y2 is the wall potential. This expres- 
sion differs from the Boltzmann one only near the wall, where the influence of 
electrons can be neglected in general. 

We determined the boundary between the plasma and the wall layer from the 
condition that the mean ion velocity in it is equal to 


7 V i (13) 


As has been repeatedly noted in the literature’, this condition insures con- 
tinuity of the derivative of the charge density at the plasma-wall layer boundary. 
At high electron concentrations, quasi-neutrality may extend beyond the 
boundary determined by condition (13) into the region of the wall layer; however, 
as will be evident from what follows, this boundary lies very close to the bound- 


ary of the region of quasi-neutrality. Invoking Eqs.(12) and (13), we find that 
for the plasma boundary 


34 (Te\-h(h\2/R\3 x 
CMO re 


() stil TY By eae re dA /Te\'h (14) 
Md ais ac = (72) = 0.17 +85 5 (Fr) 


Eq. (13) is applicable for determining the plasma boundary only for °,§<1 
Violation of this condition means that quasi-neutrality is disturbed Herre the 
ion velocity attains the value %. Eq.(14) shows that the concentration of 
charged particles at the boundary is already small and that ionization in the 
layer can be neglected. Inasmuch as we are restricting our consideration to the 
case when d<}, the layer may be regarded as plane. Poisson's equation for the 
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60 p,mm H¢ 

Fig.l. Variation of the ratio of the theoretical to experimental value of Pn 

with the pressure in mercury vapor: 1 - according to Eq. (18) , 2 - according to 
Schottky's theory. 
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Pineo “Pexp 


Os 1,0 20 


p,mm Hg 
Fig.2. Same as Fig.l, but for argon (R = 1 cm; I = 50 to 500 ma). 


/0. 
“ SP ics Pexp 


0 20 40 6.0 80 p,mm Hg 
Fig.3. Same as Fig.1,but for potassium (R = 1 cm; R = 100 and 300 ma). 


layer under the given assumptions is of the form 


( €1 d?u a ay) 

| te ae ee (15) 
Ali dx® Vu +1 é 
ds /} 


Ave x4 du dn 
where x=s—s, andu=y7y—v7, , for the boundary conditions y4—0(0 and oe = (Ge), 
i ically for values of =: ranging 
when x7 = 0. Equation (15) was integrated numer 
from 1071 to perees: The potential fall in the layer was determined from the 
condition of zero current to the wall (7). From this equation it follows that 


= 990n— 


ie ee 


—(N2—"1) 
2mm Tot ; 


where mis the electron mass; on the other hand, 


Ve 
Pp = ENg Me? 


and for the potential fall in the layer we obtain 
Ne—} = In V Mizxm. 


Calculations show that the layer thickness d for the case of mercury 
(jo — 1, = 5-5) can be approximated by the formula 


PESTO a Ak ie (16) 


Invoking (14), we obtain the following expression for the potential differ- 
ence between the wall and the tube axis: 


je 
ee (ote el ee tae 
2 = In E eT ae (17) 


Eq. (16) shows that the condition d.<j} is’ fulfilled if-7e <<. 

3. We carried out comparisons with experiment for discharges in mercury, 
argon and potassium. Specifically, we compared the values of the current density 
to the wall calculated by means of Eq.(9) with the values of pp obtained by means 
of plane wall probes. _ We used the following values for the charge exchange cross 
section: g = 10-14 cm? for mercury (deduced from the data of Kungdon & Lawton® 
on the mobility of mercury ions in the parent gas in strong fields); ¢g = 7.5-10715% 
em? for argon?; g= 3.5+107-14 cm? for potassiuml9, 

The electron gas temperature was determined by the conventional probe proce- 
dure; it was found to be the same at the axis and at the wall. The electron con- 
centration in the mercury and the potassium vapors was determined from the elec- 
tronic and in argon from the ionic part of the characteristic by means of the 
formula: 11,12 


2kT 
J == 0.4% No aia Si; (18) 


where /, is the ionic current and s, is the area of the space charge layer. The 
numerical coefficient in (18) was taken from Guthrie & Wakerling1! as the most 
reliable value available. 

The data for discharges in mercury are shown in Fig.l. In addition to our 
own experimental values for a tube of radius R = 1.5 cm, in the current range 
from 0.1 to 1.5 amp we used the results of Granovskiil3 obtained for tubes with 
R = 3.25 and 5.25 cm. The data for argon are shown in Fig.2; those for potassium 
in Fig.3. In all cases for purposes of comparison we also calculated the values 
according to Schottky's theory (s. = 2.41). 

It will be evident from the figures that the agreement of theory with experi- 
ment is satisfactory in all cases when diffusion may be considered significant. 
In the pressure range in which condition (7) is fulfilled, Schottky's theory 
yields poorer agreement with experiment. 
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INVESTIGATION OF THE INITIAL STAGES OF A HIGH-FREQUENCY DISCHARGE FROM 
A POINT IN AIR AT ATMOSPHERIC PRESSURE 
- A.M, Prokoftev, O.F.Kabardin & K.F,Kuddu 


Introduction 


The initial stages of a high-frequency (hf) discharge from a point have 
been studied little, inasmuch as direct investigation of such discharges during 
discrete half-periods of the hf voltage is a complicated problem. The initial 
stages of a dc corona from a point, on the other hand, have been studied fairly 
thoroughly, particularly by Loeb! and his co-workers. We felt that the initial 
stages of an hf discharge from a point could be correlated with the effects ob- 
served in a dc corona. This inference has been substantiated by a number of ex- 
periments. 

Before describing these experiments, let us recall the distinctive features 
of the initial stages of de corona discharges from a point. The initial stages 
of a positive corona from a point are characterized by the appearance of "pulses" 
of two types: flickering or flash pulses and preliminary or pilot-streamer pulses. 
The former are discharge pulses propagating over the surface of the point; the 
latter are due to development of the discharge into the depth of the discharge 
gap through the operation of the streamer mechanism. 

The initiation of a negative corona from a point is characterized by the ap- 
pearance of periodic pulses of constant amplitude, called Trichel pulses. The 
periodic suppression of the negative corona current is attributed to the effect 
of the space charge of negative ions at the point.1 A high-frequency discharge 
from a point may be observed in the form of a high-frequency corona or a jet dis- 
charge, depending on the frequency. 2 


Apparatus 


Our experiments were carried out on a set-up consisting of an hf generator, 
a high voltage rectifier and a discharge gap. The discharge gap was inductively 
coupled to the generator, which made it possible to apply both an hf and a de 
voltage to the discharge gap simultaneously. The discharge gap consisted of a 
point and a plane electrode, the point to plane separation being 4 cm. The point 
electrodes were platinum rods; four of them terminated in hemispheres with dia- 
meters of 1.25, 1.0, 0.5 and 0.2 mm; the fifth electrode, which was 5 mm in dia- 
meter, had a conical tip. 


Experimental Results 


To bring out the possible correlation between the initial stages of an hf 
discharge from a point and the behavior of a de corona, we first carried out 
measurements of the initial voltages for the beginning of positive and negative 
corona pulses from a point (i.e., with de voltage only) and the initial voltages 
for initiation of an hf discharge from a point (in the frequency range from 
1.25-106 to 4-107 cps). The hf discharge initiation voltages proved to be con- 
sistently lower than the initial voltages for the appearance of both positive and 
negative dc corona pulses (here and below in referring to the hf voltage we mean 
the crest voltage). 

The decrease of the hf discharge initiation voltage (compared to the initial 
dc corona voltage) is only weakly dependent on the shape and dimensions of the 
point and the configuration of the discharge gap, but is strongly dependent on 
the frequency. To eliminate the possible influence of chance factors, all measure- 
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Fig.l. Ratios of the hf discharge initiation voltage to the initial voltage for 


the 


appearance of Trichel negative corona pulses for different electrode configu- 


rations (points) and frequencies. 


2 o 6 


Fig.2. Voltage regions in 
Which there appear preliminary 
streamer pulses of a positive 
corona and pseudo-hf and hf 
discharges at f = 10 Mc. 


also double hatched. 


of pseudo-hf discharges is indicated by double hatching (—). 
flashes similar to hf ones in the case of two voltages again appear in the region 
of appreciable overvoltages; in Fig.2 this region near the top of the figure is 
However, we shall not discuss the characteristics of dis- 
rges at appreciable overvoltages here. 

: Gee ee nn sctenekts were carried out at frequencies of 1.25, 2.5, 5, 10, 20 
and 40 Mc with different points, different configurations of the discharge gap 
and different intensities of the initial ionization in the discharge gap. It 


ments were repeated 10 times; the averaged results 
for five different points are plotted in Fig.l. 
The maximum deviation of individual measurement 
results from the average values did not exceed 3%. 

Next we measured the discharge initiation 
and extinction voltages with simultaneous appli- 
cation of de and hf voltages in different propor- 
tions. As the proportion of hf is increased one 
can readily observe the transition from prelimin- 
ary dc streamers to preliminary streamers with 
two (de & hf) voltages, then the transition to a 
discharge similar to a high-frequency one (herein- 
after pseudo-hf discharge) and finally to a true 
hf discharge. 

By way of illustration, the results of 
measurements at a frequency of 10 Mc with the 
1.25 mm diameter point are shown in Fig.2. The 
voltage region in which we observed the appear- 
ance of preliminary streamers of a positive co- 
rona is hatched horizontally (=); the region of 
minimum voltages at which we observed formation 
We also noted that 


was found that the contours of the region characterizing the minimum voltages for 
formation of a pseudo-hf discharge and for formation of positive corona prelimin- 
ary streamers strongly depend on the dimensions and shape of the point, the fre- 


quency of the hf voltage and the intensity of initial ionization. 


In all cases, 


however, one regularity is observed, namely, the region of pseudo-hf discharge 
initiation voltages is always a natural extension of the region of the initial 
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voltages associated with the appearance of the preliminary streamer pulses of a 
positive corona (doubly and singly hatched band in Fig.2). This indicates that 
in the case of simultaneous application to a point-plane gap of a de voltage and 
an hf voltage, a pseudo-hf discharge can develop from a preliminary streamer 
pulse forming during one of the positive half-periods of the hf voltage. 

We carried out analogous measurements with a negative dc voltage on the 
point. These measurements showed that in the case of simultaneous application 
of an hf voltage and a dc voltage with the point negative, a pseudo-hf discharge 
from the point can develop from a Trichel negative corona pulse, forming during 
one of the negative half-periods of the hf voltage. 


Conclusions 


At minimal voltages, a discharge similar to a high-frequency discharge from 
a point, i.e., a pseudo-hf discharge, can form in air at atmospheric pressure in 
the frequency range from 1.25 to 40 Mc either from the preliminary streamer of 
a positive corona or from the Trichel pulse of a negative corona. 

The reason for decrease of the initiation (breakdown) voltage for a pure hf 
discharge from a point (as compared with the initiating voltage when a de voltage 
is present) is, apparently, build-up of an ionic space charge in the vicinity of 
the point. 
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INVESTIGATION OF RESONANCE CHARGE EXCHANGE IN MONATOMIC GASES AND METAL VAPORS 
~ R.M.Kushnir, B.M. Palyukh & L.A, Sena 


Resonance charge exchange is one of 
action of ions with atoms and is the dete 


parent gas is concerned. Knowledge of the resonance charge exchange cross section 
and the variation of this cross section with the ion velocity is highly important 
in the physics of electric discharges in gases. 

A number of authors have attempted to evaluate the resonance charge exchange 
cross section theoretically. The first calculations, which, it is true, pertained 
only to helium ions and atoms, were carried out by Massey & Smith! and Dallaporta 
and his co-workers.2 Some time ago Sena3 gave an approximate evaluation of the 
resonance charge exchange cross section in the general case on the basis of a nun- 
ber of simplifying assumptions. This evaluation leads to a monotonic decrease of 
the cross section with increase of the ion velocity and gives a limit formula which 
is applicable in the case of not excessively high ion velocities (when adiabatic 
treatment is still admissible). According to the limit formula’, the charge ex- 
change cross section is inversely proportional to the square of the ionization 
potential of the gas. Demkov4 on the basis of quantum mechanical calculations 
deduced a more rigorous formula which is suitable for atomic hydrogen and helium; 
this was subsequently generalized4 to other monatomic gases and metal vapors. Ac- 
cording to Demkov's formula, the charge exchange cross section is inversely propor- 
tional to the ionization potential. Demkov's formula also gives the variation of 
the cross section with the ionic mass and energy. For the case of slow ions and 
atoms, for which the S state is normal, Firsov® gives a formula which contains the 
charge exchange cross section in implicit form and from which one can deduce the 
variation of the cross section with the ion velocity. 

Sena's formula? gives particularly high values of the charge exchange cross 
section for ions and atoms of alkali metals, the atoms of which have the lowest 
ionization potentials. The formulas of Demkov4 and Firsov9 give substantially 
iower cross section values for this case. In view of the fact that at present 
‘there is no sufficiently general, rigorous and consistent theory of resonance 
charge exchange, experimental investigation of this process is particularly in- 

ortant. 
4 Over the past few years we have carried out measurements of the resonance 
charge exchange cross sections of argon, krypton, xenon, potassium and cesium in 
the laboratory of the "I.Franko” L'vov State University. This work is a continua- 
tion of the mercury vapor studies started earlier in the Leningrad Scientific Re- 
search Institute for Direct Current. In the present report we summarize the re- 
sults of these investigations and compare them with the deductions from extant 
ita? procedure used for the measurements differs tittle from that 
described earlier® for measurements in mercury vapor. The incorporation of a 
,large number of electrodes in the measuring apparatus made it possible to obtain 
lower energy ion beams and to carry out a series of special measurements eh, oes 
purpose of taking into account the effect of secondary electron emission from the 
lees eaents were based on the retarding field method. In addition to 
| j istine form, we carried out some 
using the retarding field procedure in its pr ’ eneaise aa 
‘measurements using a modification of this technique, namely, the metho 9 arc 4 
stant collector potential®, for inert gases. For the alkali metals, we eae aes 
the method of extraction of slow ions.’,8 For determining the charge exc ange 
tion of the beam, which 
cross section we used the exponential formula for attenua iene batted 
gives a linear relation between log (Io/I) and p, with / = const and be 


the most important processes in the inter- 
rmining factor where ion motion in the 
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log (I,/1I) and / with Po = const. Here Io is the ion current penetrating into 
the collision chamber, I is the current of ions not undergoing charge exchange 
over the path / in the collision chamber, and Pp, is the gas pressure reduced to 
0°. 

Special experiments were carried out for the purpose of evaluating the in- 
fluence of secondary emission processes; these experiments showed that secondary 
electron emission under the influence of fast ions and atoms could have an appre- 
ciable influence on the measurement results. The secondary emission current in 
some cases was taken into account (specifically, in the measurements for argon, 
krypton and xenon) and in other cases (alkali metal vapors) was suppressed by 
means of a weak (~30 oersted) magnetic field directed perpendicular to the ion 
beam. The results of measurements by the different procedures were in agreement 
within the limits of the experimental error. 

The principal source of error in the case of determining the charge exchange 
cross section in alkali metal vapors is inaccuracy in determining - The ten- 
perature of the liquid phase was determined to within 0.29; however the tabular 
data on the vapor pressure given by different authors differ by 8-10% for potas- 
sium in the temperature interval of interest (135 to 160°) and by 15% or more for 
cesium (78 to 105°). The vapor pressure was determined by means of the equation 
given in Dushman's book.? The total error in the determined charge exchange cross 
section values connected with uncertainties in measuring Ip, I and / did not ex- 
ceed 10%. 


Experimental Results 


The measurements for argon, krypton and xenon were carried out in the energy 
interval from 10 to 990 ev and for potassium and cesium in the range from 6 to 656 
ev with scattering gaps ranging from 2 to 4.5 cm and different gas and vapor pres- 
sures. Graphs of log (Io/I) vs Pp, for a given / and of log (I)/I) vs / fora 
given p, were plotted for each of the chosen ion energies. According to the formu- 
la for attenuation of the primary ion beam in a gas, this dependence should be 
linear. This was actually the case in our experiments. In almost all cases the 
rectilinear plots pass through the origin, which indicates that the contribution 
from surface (skin) effects is negligible. 

Reflection of ions from the collector could have some influence on the 
measurement results in the case of the alkali metals. However, since the charge 
exchange cross section in our experiments was determined from the slope of the 
Lo 

Wi 4 
apna 
plots, the error introduced by these surface effects is presumably small. 

The measurements of the charge exchange cross section for argon were carried 
out primarily for the purpose of comparing the results obtained by our procedure 
with the experimental results of other authors. Our curve occupies an intermedi- 
ate position and lies close to the curve given by Hastedl9, If our curve is pro- 
longed into the region of higher velocities, we obtain a smooth transition to the 
experimental points obtained by Fedorenko!l, 

Comparison of our results for krypton, xenon and mercury with the results 
of Dillon et al12 shows that the cross section values obtained by Dillon et al 
for krypton and xenon are only slightly smaller than ours, but that for mercury 
they are smaller by more than a factor of 2. 

The average values of the charge exchange cross section obtained as a re- 
sult of numerous measurements at different pressures and with different scatter- 
ing gaps are listed in the accompanying table. 
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Average values of the charge exchange cross section Q (in cm2/cm3 mm Hg) 


Ton Q 
etereys (ee (ek energy, | —__{ 
CN; Ar Kr Xe | He K | Cs eV Ar Kr Xe | Hg | K | Cs 
6 147511540 || 405 
9 1250 410 as 4100 
t0 298 140 | 104 
1440|| 165 316 
{7 248 210 | 99 | 450 
28 1145 55010, Imaraliennlacis 
1310 || 335 
53 | 422 | 190 | 239 1080 425 cue hieiubcee pee 
70 180 re 656 550 | 670 
15 354 He 990 | BOdeiie ln75 | bes 


Comparison with Theory 
"iteland Stee pd sreclel alal sD clement SP f 


Our experimental results are compared with the deductions from the differ- 
ent extant theories in Figs.l and 2. The solid lines in Fig.1 give the experi- 
mental curves for argon, krypton and xenon. The dashed curves are based on Demn- 
kov's theoretical formula.4 The horizontal dashed lines represent the data cal- 
culated by means of Sena's limit formula.3 The solid curves in Fig.2 give the 
experimental results for cesium, potassium and mercury. The dashed curves are 
the corresponding theoretical curves according to Firsov.5 The dash-dot curves 
are the theoretical curves representing Demkov's formula.4 The horizontal straight 
lines give the data calculated by means of Sena's limit formula.3 


Fig.l Fig.2 pe 

fig.1. Variation of the charge exchange cross section with the ion Metco La SAeD 

in inert gases. Solid curves - experimental; dashed curves - ee s theory; 

: horizontal straight lines - Sena's limit formula’. 

Fig.2. Variation of the charge exchange cross section with the ion veloci- 

ty (Vi) in metal vapors. Solid curves - Se eee dashed Pane : 

Firsov's theory®; dash-dot curves - Demkov's Seances ; horizontal straigh 
lines - Sena's limit formula’. 
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Fig.3 Fig.4 
Fig.3. Variation of the charge exchange cross section with the ion velocity plot- 
ted to a semilogarithmic scale. The curves for neon and helium are based on the 
data of Rostani3. 

Fig.4. Variation of the charge exchange cross section with the atomic 

ionization potential (in ev) for ions with an initial energy of 400 ev: 

1) experimental data, 2) curve based on the limit formula’, 3) curve 

based on Firsov's formula, 4) curve based on Demkov's formula’. 


Comparison of the experimental results with the theoretical curves shows that 
the experimental results are in best agreement with the theoretical data of Fir- 
sov°. True, the experimental curves for the charge exchange cross section Q vs 
the ion velocity rise more steeply in the range of low velocities than the theo- 
retical curves. Unfortunately, Firsov's calculations are not applicable to argon, 
krypton and xenon. 

In Fig.3 we have plotted our results in semilogarithmic coordinates in the 
form of curves giving the variation of Q with the ion velocity for argon, krypton, 
xenon, mercury, potassium and cesium. In the same figure we show the curves for 
neon and helium based on the data of Rostani. 3 

Summarizing the results of our work we note that, in agreement with the de- 
ductions from theory, the resonance charge exchange cross section decreases mono- 
tonically with increase of ion velocity and exhibits a consistent dependence on 
the ionization potential of the gas: the cross section decreases with increase of 
the ionization potential. This fact is illustrated in Fig.4 in which the varia- 
tion of the charge exchange cross section is plotted against the ionization po- 
tential for ions having an initial energy of 400 ev. Im the region of high ion- 
ization potentials, all the theoretical evaluations lead to results that are close 
to the experimental data. In the case of atoms with a low ionization potential, 
however, there is a noticeable divergence: the Sena formula3 yields higher values 
in this region, while the Demkov4 and Firsov? formulas lead to underestimates. 

The divergence of the Demkov and Firsov formulas from experiment is particularly 
noticeable in the region of low velocities, while the divergence between experi- 
ment and the Sena formula is more appreciable in the region of higher velocities. 


"Y,.Franko' L'vov State University 
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INVESTIGATION OF ANODIC OSCILLATIONS IN A LOW-PRESSURE DISCHARGE 
- A.A. Zaitsev & K. I. Efendiev 


The anodic region of a gas discharge may be characterized by appreciable in- 
stability. Sonic and ultrasonic oscillations observed in discharge circuits are 
often associated with instability of the anode fall of potential. We investigated 
these oscillations in arc discharges in mercury vapor with a liquid cathode and 
in discharges with an oxide-coated cathode in inert gases. These investigations 
were motivated by the following considerations: 1) anodic oscillations may be a 
source of interference in the operation of ionic devices and in experimental 
studies of gas discharge plasma, and 2) investigation of anodic oscillations can 
further our understanding of the processes occurring in the region of the anode 
(at present our knowledge of these processes is based primarily on experiments 
with a steady anode potential fall). 

The oscillations were detected and studied by means of an oscillograph by 
observing either the variation of the overall discharge voltage or the variation 
of the voltage between the anode and a movable probe inserted into the positive 
column. The probe procedure allows of measuring both the maximum and minimum 
value of the anode fall and the mean value of the anode fall under identical con- 
ditions. 

Audio-frequency oscillations in a low pressure mercury arc were studied 
earlier by Granovskii & Bykhovskaya.1 They showed that the point of origin of 
these oscillations is the anode region. It is a familiar fact that the proper- 
ties of the anode region are determined by the magnitude of the ratio of the 
density of the chaotic electronic current in the plasma to the density of the 
directed current to the anode and by the factors controlling the ionization of 
the gas in the region of the anode; of particular significance here are the shape 
and dimensions of the anode surface. 2» 

In our work with discharges in mercury vapor we paid particular attention to 
elucidating the influence of the anode geometry on the anodic oscillations. By 
way of anodes we used a number of electrodes differing as regards size and design, 
namely, 1) a divided electrode consisting of three insulated flat sections with 
equal surfaces, 2) pin electrodes and 3) hollow cylinders. The discharge current 
was varied from 0.1 to 7 amp. The mercury vapor pressure was regulated by means 
of a water bath. 

The following results were obtained. The oscillation mechanism, which also 
includes the anode glow effect, is favored by small size of the anode. An anode 
glow appears when the dimensions of the anode are small compared with the cross 
section of the positive column. When the glow is restricted to a part of the 
anode surface (a bright band standing out on the anode surface), more or less 
ordered oscillations are observed in the discharge circuit. Sometimes several 
such bands appear simultaneously; in this case the oscillations are more compli- 
cated. The mean anode fall of potential in the case of regular oscillations is 
always higher than the excitation potential of mercury atoms. Ordered oscilla- 
tions occur both with a stationary and with a wandering cathode spot. The motion 
of the cathode spot, without disturbing the form and stability of the anodic os- 
cillations, gives rise to irregular oscillations, which are superimposed on the 
basic anodic oscillations. This means that small chaotic current oscillations 
induced by the motion of the cathode spot have no noticeable effect on the state 
of the anode region. The variation of the oscillation amplitude as a function 
of the discharge current and gas pressure is similar to the variation of the an- 
ode potential fall. With decrease of the mercury vapor pressure and increase of 


the discharge current, both the oscillation amplitude and the mean anode fall in- 
crease. | 
; 
| 


Fig.1. Variation of the an- 
odic oscillation amplitude 
with pressure: 1 & 2) neon, 
3 & 4) krypton; 1& 3) is 
= 100 ma, 2 & 4) i = 30 ma. 
Viv 
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Fig.2. Variation of the 
maximum (1) and minimum (2) 
values of the anode poten- 
tial fall with the pressure 
in neon; i= 75 ma; anode 

- 2 mm diameter wire. 
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In the absence 


Viv of anode glow, a 
4 /! condition which ob- 
tains in the case of 
40 anodes with a large 
a collecting surface, 
oY there are observed 
0 aT TP a Pea aT chaotic oscillations 
pre of small amplitude. 


Under our conditions 
we did not observe 
passage of the os- 
cillation amplitude 
through a maximum 
or regular estab- 
lishment of ordered 
oscillations; nor did we have occasion to observe 
transitions from ordered oscillations to chaotic 
and vice versa. When the anode is a pin, the os- 
cillations under all conditions are ordered. The 
oscillation frequency lies in the range from 104 
to 109 cps. Within this range it increases with 
increase of the mean discharge current. 

The anodic oscillations in inert gases (He, 
Ne, A and Kr) were investigated at pressures from 
1073 to 1 mm Hg and with discharge currents from a 
few to 300 ma. In these experiments the anodes 
were made of molybdenum wire of different diameters 
and were shielded on the sides by glass insulation 
so that only the end surface served as the collect- 
ing surface (‘point” anode). In general, anodic 
oscillations in inert gases are more stable as re- 
gards phase and frequency than in mercury vapor. 
We were able to measure the oscillation frequency 
in inert gases by comparison with the frequency of 
a standard signal generator. The variation of the 
oscillation amplitude with the pressure in neon and 
krypton for two values of the discharge current is 
shown in Fig.l. The variation of the oscillation 
amplitude is associated primarily with variation 
of the maximum value of the alternating anode fall 
of the potential. This will be clearly evident 
from an examination of the experimental results 
shown in Figs.2 & 3. It is significant that at 


Fig.3. Variation of the maxi- 
mum (1) and minimum (2) values 
of the anode potential fall in 
neon with the current strength; 
p = 1.4-1071 mm ug. 


low pressures and with heavy currents the maximum value of the anode fall greatly 
exceeds the ionization potential of the gas; at the same time, the minimum value 

of the anode fall is substantially lower than the excitation potential of the gas. 
: Both the amplitude s and the frequency V of the oscillations tend to in- 


crease with decrease of the anode diameter. 
in neon are listed in Table l. 


The pertinent data for discharges 


Anodic oscillations may also be observed when there is no cent column 
and the anode borders on the Faraday dark space or the negative glow. Measure- 
ments showed that there is a positive anode potential fall in the vicinity of a 


"point" anode in the Faraday dark space. 


The following results were obtained for 


discharges in neon (i = 


2 mm): 
p, mm Hg 
Anode fall, v 15-5) 11525 
Table 1 
peepee ree see eee rey 
i=20ma i= 30ma i=40 ma 
gk 
Sdricne| ul kere & 
Sd na = oO > > 


7-1071 5,.2-1071 4.1-1071 3-1071 2.2°1071 


2 4,5 | 345 | 6,0 | 378 | 7,85) 413 
4,2 .|5,6 | 513.|.6,3 | 525 | 8,4 | 536 
0,8 {5,9 | 592 | 6,7 | 625 | 9,8 | 657 
O.5P) 0.15 | Oo) nod jail 10,0 1orae 
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30 ma, cathode-anode distance 3 cm, anode wire diameter 


9°-1072 4-1072 
17.0 18.0 21* 27* 42* 

At pressures above 3°10-! mm Hg, the anode 
fall was stable, while at lower pressures the 
potential fall fluctuated (the figures identi- 
fied by asterisks in the table above denote aver- 
age values of the varying anode fall). The anode 
region becomes unstable when the anode fall of 
potential approaches the value of the ionization 
potential of the gas. The presence of positive 
column plasma in front of the anode has an in- 
direct influence on the oscillation excitation 


conditions. When the anode is contiguous to the 


positive column, the anode fall has a somewhat higher value than when the anode 


is in or adjacent to the Faraday space. 


Hence in the presence of positive glow, 


anodic oscillations may develop even under conditions not conducive to their ap- 
pearance in the absence of a positive column. 

In the case of continuous increase of the distance between the anode and 
cathode the characteristics of the anode oscillations are affected by the longi- 
tudinal inhomogeneities in the distribution of the electric parameters in the 
beginning of the positive column: the curves characterizing the variation of the 
amplitude and frequency of the oscillations vs the interelectrode distance have 
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Fig.4. Variation of the fre- 
quency (1 & 2) and amplitude 
(3) of the oscillations in 
neon with the anode to cath- 
ode distance: 1 & 3) p= 
= 6.3-1072 mm Hg, 2) p = 
= 3.5-10-1 mm Hg. N - nega- 
tive glow region, F - Fara- 
day dark space; i = 50 ma. 


a wave-like appearance (Fig.4). The curves are 
gradually smoothed out as the interelectrode dis- 
tance is increased and the positive column at- 
tains a homogeneous state. 

In a striated discharge with very sharp 
striations the electric conditions in the gas 
vary greatly along the length of the discharge 
tube. In this case, as the anode is moved fur- 
ther away from the cathode, anodic oscillations 
appear and disappear with a regularity correspond- 
ing to the alteration of light and dark regions 
in the column. A similar behavior of the oscil- 
lations is also observed in the presence of mov- 
ing striations in the positive column. The ini- 
tiation of moving striations is evinced in the 
discharge circuit by the appearance of oscilla- 
tions with a frequency characteristic of the 
striations and differing from the frequency of 
the anodic oscillations. The movement of the 


striations from the anode to the cathode gives rise to a periodic variation of 


the conditions obtaining near the anode. 
are modulated as regards both frequency and amplitude (Fig.5). 


As a result the anodic oscillations 
If the moving 


striations are sufficiently sharp, the anodic oscillations may be interrupted 
(suppressed) during some part of the period of the oscillations associated with 


the moving striations. 


In other words, similar variations occur in the charac- 


ter of the anodic oscillations in the case of a positive column with stationary 
striations as the interelectrode distance is gradually increased and in the case 
of moving striations as these travel from the anode to the cathode. 
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The influence of the type of 
May be seen from the following dat 
anode wire - 2 mm): 


gas on the frequency of the anodic oscillations 
a (p = 3-107} mm Hg, i = 70 ma, diameter of 


Gas He Ne A Kr Hg 
Frequency ,kce 1550 550 290 180 «oS 


It will be evident that the 
frequency decreases with increas- 
ing atomic weight of the gas. 

The results of our experi- 
ments clearly show that the char- 
acteristics of anodic oscilla- 
tions depend on the type of gas, 
the pressure, current density 
and shape and size of the anode. 
In the work of Ref.5 anodic os- 


Fig.5. Oscillogram showing simultaneously oc- cillations were investigated in 
curring anodic oscillations and oscillations a glow discharge with a cold 
associated with moving striations. cathode. It was found that the 


conditions for onset of anodic 
oscillations and their character as regards amplitude and frequency do not depend 
on the design of the cathode. 

Langmuir2 indicated that two different forms of the anode region may exist 
in the case of a positive anode fall of potential. If the area of the anode is 
small compared with the cross section of the column, the chaotic current arriving 
from the plasma to the cathode does not assure maintenance of the current in the 
discharge circuit; then in the zone adjacent to the cathode there forms a space 
charge of electrons which in turn is responsible for the appearance of the posi- 
tive anode potential fall (negative charge condition). With growth of the volt- 


age, the ionization increases, and there may be circumstances under which the 


ratio of the number of ions forming in the anode layer to the number of primary 
electrons arriving in the layer will be greater than /m,/m; , where me and mi 
are the masses of an electron and an ion, respectively. Then the electron space 
charge is neutralized and the anode fall abruptly decreases. A new plasma de- 
velops inside the positive column plasma; at its boundary with the main plasma 
there forms a double layer of electric charges (plasma condition). With the for- 
mation of the second plasma the conductivity of the anode region increases ab- 
ruptly. According to Langmuir, the anode plasma is a stable formation. 

The results of the present investigation show that the anode region in the 
case of anodes of small size is as a rule unstable. The anode potential fall 
undergoes periodic fluctuations. These fluctuations are essentially a form of 
relaxation oscillations and reduce to periodic variations in the conductivity of 


the gas near the anode. The tendency of the anode region to oscillate should be 
attributed to the fact that the second plasma is a dynamic formation similar to 


mobile striations. However, the anode plasma cloud is dissipated at a small dis- 
tance from the anode. Thus the oscillations are not accompanied by a wave-like 


process propagating through the entire positive column. The motion of the anode 


plasma and its dissipation create conditions for repeated accumulation of elec- 


tron space charge near the anode. In consequence, breakdown of the electron lay- 


(Ay, 


er and transition of the state of the anode region from the negative space charge 
condition to the second plasma condition and back acquire the character of a 
periodically repeating process. The cyclic variation of the anode potential fall, 
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associated with the formation and dissipation of the plasma cloud near the elec- 
trode, corresponds to the period of the observed oscillations. Observations of 
the behavior of the glow at the anode by means of a rotating shutter with a slit 
furnish further confirmation of this view: under oscillation conditions the anode 
glow periodically assumes the form of either a thin film or a concentrated lumi- 
nous cloud (second plasma). 

The maximum value of the anode potential fall corresponds to the breakdown 
voltage of the electron layer at the anode. It is obvious 1) that breakdown of 
the anode layer will occur more readily at higher pressures, inasmuch as most of 
the electrons will then undergo collisions with gas molecules in passing through 
the layer and 2) that with increase in the density of the anode current the thick- 
ness of the electron layer decreases with the result that the number of colli- 
sions within the layer is reduced; hence the rate of ionization in the layer neces-— 
sary for breakdown is attained at higher values of the anode potential fall. If 
we bear in mind that the potential drop in the double layer at the boundary of 
the second plasma is of the order of magnitude of the ionization potential of the 
gas and, in any case, is not lower than the excitation potential2, we conclude 
that the observed values of the minimal anode potential fall indicate that in the 
phase of maximum ion density the field at the anode has the opposite direction. 
The other regularities observed for the anodic oscillations are also susceptible 
of qualitative interpretation. : 


Physics Faculty, 
Moscow State University 
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BROADENING AND SHIFT OF SPECTRAL LINES IN GAS DISCHARGE PLASMA 
- S.L.Mandel'shtam & M.A. Mazing 


Measurement of the spectral line widths is one of the fundamental methods 
of determining the concentration of charged particles in plasma. Investigation 
of line broadening is also of independent physical interest inasmuch as in a 
plasma the radiating atoms are subjected to external influences that cannot be 
duplicated under other conditions: the atoms are under the influence of strong, 
inhomogeneous, rapidly varying fields. Theoretical analysis of the interaction 
of a radiating atom with the ambient fields leads to certain relationships be- 
tween the line width y and the charged particle concentration N, i.e., the rela- 
tionships that must be used in experimental determination of N. 

In the present work, we carried out an experimental investigation of broaden- 
ing under the influence of charged particles of lines exhibiting a quadratic 
Stark effect. 

The usual Weisskopf-Lindholm theory of impact broadening, i.e., for the con- 
dition when a number of individual collisions are observed, leads to the follow- 
ing inferences. The broadened line should have the classical dispersion shape, 
and the broadening is accompanied by a shift of the entire line contour. The 
line width y and the shift A of the line peak from the unperturbed position are 
given by the expressions 


y = AACN, y/A'= 146+ and A = 9.8C fu N; (1) 


here (C, is the quadratic Stark effect constant, v is the relative velocity of 
the atom and the perturbing particle and N is the density of the perturbing 
particles. 

For purposes of comparing experiment with theory one need only investigate 
two regularities: first, one can check the variation of the width and shift with 
the quadratic Stark effect constant, choosing lines with substantially different 
C,; second, one can measure the width to shift ratio which, according to the 
Weisskopf-Lindholm theory, should be of the order of unity for all lines. 

For the purposes of our study we chose the channel of a spark discharge, 
wherein, by virtue of the high degree of ionization, one may assume that the line 
broadening is due wholly to the influence of electrons and ions. The spark dis- 
charge was excited in an atmosphere of argon at normal pressure. The power source 
was an IG-2 (spectroscopic spark) generator; the circuit parameters were V = 14 kv, 
C = 0.02 uf and L = 10 uh. We observed the lines of ionized argon excited in the 
channel of the spark discharge. Experimental data are available on the Stark ef- 
fect for a number of A II lines; all the lines are characterized by a quadratic 
Stark effect with values of (, differing by 1-2 orders of magnitude. 

In all we measured the width and shift of about 40 A II lines by means of a 
DFS-3 diffraction grating spectrograph with a reciprocal dispersion of 2 A/mm. 
The line width was measured by the conventional procedure, the estimated accuracy 
being 5-10%. The line shift in the spark spectrum was determined with reference 
to the same lines in the spectrum of a hollow cathode, wherein no significant 

line shift occurs; the estimated measurement accuracy was 0.02-0.05 A. 
Most of our measurement data pertain to the mean (averaged over time) radia- 
tion of the discharge. Actually, in an oscillating discharge the electron con- 


centration may vary over the period of the discharge. Hence, at our request, 


RMN 


_ V.G.Koloshnikov carried out control measurements of the line width and shift with 
the light beam being modulated by a Kerr cell gating 1.5 microsec pulses (the 

period of the discharge was 7-8 microsec). These measurements yielded virtually 
the same results; hence, hereinafter, we shall discuss only the data obtained for 


the averaged over time radiation. 
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Table 1 The experimental results are in qualitative 
disagreement with the deductions from the Weiss- 
kopf-Lindholm theory. 

C4, en4/sec vy, A A, A The averaged data characterizing the varia- 
tion of the line width and shift with C, are 
shown in Table 1. It will be seen that with a 


HNO 0,3+0,5 Opal 
5-40-14 1,0 0220.4 two orders of magnitude change of C, the line 
ee 1,9 0,7 width changes not by a factor of 20 but only by 


a factor of 3. The line shift is somewhat more 

strongly dependent on C,, but still is appreciably less than C, to the 2/3 power. 

The width to shift ratio is not equal to 1.16 and is not the same for all 
lines. The data for a number of the narrowest and at the same time least dis- 
placed lines are shown in Table 2. Here the value of 7/4 is of the order of 5, 
put in some cases rises as high as 10. The data for the wider and more strongly 
displaced lines are listed in Table 3. Here the width to shift ratio for most 
lines is of the order of 2. Data on the Stark effect is available for the lines 
listed in the left part of the table; we shall discuss the results for these 
lines in greater detail. Unfortunately, at present we have no Stark effect data 
for the other lines. 


Table 2 
a eS 
_ |Multi- ; : _ | Malti- 
r% A |plet A | A, A vA tp An | PLetar lee tA hy aAs A x/A 
lO. No. 
43522 { 0,44 | —0,07 ga ie4726 Dal wA4 0,57 | —0,10 6 
4420 ,9 n 0,44 | —0,07 — 4879,9| 14 0,62 | —0,10 } fe 
4847 ,9 6 (57 |=0, 10 «5 || 4764,9 15 0:60 [0.07 8,5 
5062,1 6 0,56 | —0,14 4589,9 | 34 0,46 | —0,04 >10 
tie i ae Bee \ 5,5 || 4183,0] 36 0,37 | —0,10 dat 
, , , 5949.9 |> == 0,45 
3928,6 | 40 (Oy OY e = 
3729.3 | 10 | 0,29 Diet, 8-10 | 
Table 3 
| Malti- ' : Multi- 
ik plet yA | 4A | vA gt let 5 ee ae eZ 
lO. NOe 
| H } 
4131,7 50. wile 4999 MeO CaaS? 0 3780,8 54 063040 O;87ohes? 
44748 38 4.5% le 0,82. 104-9 3576 ,6 56 0.74 he0. 350) sled 
4502,9 ~ 3,0 0,35 | 8,5 42187 64 1,20 | 0,65 | 4,8 
4277,5 32 Or98"20 O.2981. 45 3559, 5 70 6,35°) OG SBaP 2 
4732,,1 38 (Gotha Chel Ous te Sees 4222.7 77 1,35 | 0,60 | 2,25 
4598,8 38 0,94 | 0,30 | 3,4 3868,5 90 0,88 | 0,43 | 2,0 
4367 ,9 98 0,95 |—0,06 | +40 || 3561,0 106 0,84 ey ane 
4385 ,0 98 4,45 | 0,43 | <40 +I] 3083,0 120 0, 38)-b VO TONE 232 
3139,0 47 0.65 b bu Oy 29 eh 5625 


The great qualitative divergence between the experimental data and the 
Weisskopf-Lindholm theory prompted a re-analysis of the premises upon which this 
theory is based. This analysis led to the development of a non-steady state 
broadening theory.1 Fundamental to this theory is consideration of two effects 
In the case of rapid passage of an electron near an atom, the electron shell on 
the atom does not have time to be polarized, as is assumed to be the case with 
slow variation of the field in the steady-state theory of Weisskopf & Lindholm 
This leads to a reduction of the efficiency (as regards line broadening) of thie 
electron-atom encounters. In addition, one must take into account the role of 
inelastic collisions, which significantly increase the line width but have no 


‘effect on the line shift. In the non- 
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steady state theory, the line width and 


shift are determined by a dimensionless parameter Bp, characterizing the term 


under consideration, 


22(2nc)'2(AR,) Cy 
= 4 . 
: v2 : y (2) 


here Z is the ionic charge, AEF, is the distance (in cm-1) from the term under 
consideration to the nearest perturbing term, i.e., the term with which dipole 
interaction is possible. 

For 8B 2 1 the premises of the steady state theory are valid; for 8B <1 devi- 
ation from this theory begins, and for B<< 1 the deviation is already consider- 
ablt. It follows from (2) that for ions, owing to their low velocity, the steady- 
state theory should hold in a wide range. Actually, it turns out that under our 
conditions (T = 30 000°x) B is always much larger than unity for ions, whereas 
for electrons p is generally smaller than unity and is much smaller for a number 
of lines. 

From the standpoint of the non-steady 
state theory, we obtain the following 
picture for line broadening by charged 
particles; for B ¥ 1 Eqs.(1) for the width 
and shift hold; the principal contribution 

e to the width and shift is made by electron 
collisions; for B <1 the efficiency of 
the Weisskopf broadening mechanism decrea- 
ses, while the contribution from inelastic 
collisions increases. Here the line width 
is determined in equal measure by the in- 


P 10° 10 0? 704 8 fluence of electrons and ions. Inasmuch 
as inelastic collisions do not contribute 
Theoretical variation of y/A with B to the line shift, the principal contribu- 
> (solid curve); 1) our data for A II, tion to the line shift with B < 1 is made 


2) our data for He I, 3) the data of by ions. 


Wulff? for He I. In the non-steady state theory, the 
width to shift ratio is not constant, but 
also depends on 8. The accompanying figure shows the theoretical variation of the 
width to shift ratio as a function of B together with some experimental data, 
namely, our data for a number of A II lines (for which the values of C, are known) 
and two He I lines, as well as the recently published data of Wulff2 on some He I 


-lines. The experimental points are at least consistent with the theoretical curve. 


The values of the electron concentration N calculated by means of the expres- 
sions for the line width and shift given by the steady-state and non-steady state 
theories are listed in Table 4. Obviously, we could only make the calculations 


for lines with known (C,, 
A comparison of columns 6 and 8 shows that calculations by menas of the non- 


_-=steady state formula give a very small scatter of N (except for one line), where- 


as the differences obtained in calculations by the steady-state theory formula 
give a one to five spread. Moreover, the values of N calculated from y and A ac- 


cording to the non-steady state theory are always closer than the corresponding 


° 
' 
i 


ge 


values calculated by the formulas of the steady-state theory, even for the lines 
for which the measured width to shift ratio differs substantially from that cal- 
- heory. 
culated by means of the non-steady state t : 
It is interesting to note that despite the great spread in values of N ob 
tained for individual lines in calculations by the steady-state and non-steady 
state formulas, the average figures prove to be rather close. This explains why 


vs 


ad 
r) 
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Table 4 
eee ee 


non-steady | steady state 


rn, A | ccm4/sec re WAtnoo| WAexp state heor theory 


from A 
9 


from Y from A 


4 2 3 4 5 6 7 


from Y, 
8 


4460,6 <5-410-15 0,35 4,85 5 1,6 0,5 1,9 0,5 
4589,9 | <5-410-15 0,5 1,78 ~10 1,5 0,4 1,8 0,4 
43679001 35,0240 48 5,5-40-3 2,78 >10 pi 0,4 1,3 0,1 
4385 , 1 (ig ary es 10> 2,90 ~10 5,9 1,6 441 0,5 
4277, Bop 0h 8-104 E2621 03% 2,53 4,5 1,7 1,0 0,8 0,2 
45908;8 |. 7,8-40-14. | 2,6-10=% 2,53 3,4 4,4 4,1 0,7 0,2 
4732,1 4.3.10) | 1 Ont) = 2,44 2,3 a4 22 0,9 0,5 
4131,7 5,5-10-18 | 2,6-10-4 4,68 2,0 4,2 4,0 0,3 0,2 
4474,8 | 5,5-10718 | 2,6-10-° 4,68 4,9 4,2 4,4 0,3 2 
4502,9 | 5,5-10-18 | 2,6-10-* 4,68 8,5 yi 0,5 0,6 0,08 

Averages: 2,0 tO) | 13 | 0,3 


reasonable electron density values were obtained generally in all previously in} 
vestigations based on the steady-state equations. 

It will be evident that the experimental data so far available are in good 
agreement with the deductions from the non-steady state theory. Inasmuch as in 
theoretical calculations of the line width, it is essential to know the inelastic 
collision cross section, whereas this parameter does not enter into the non- 
-steady state theory calculations for the line shift, it would appear preferable 
to use measured values of the line shifts for determining electron concentrations 
in plasma. 


"dD N, Lebedev’ Physical Institute, 
Academy of Sciences of the USSR 
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SEPARATION OF BINARY MIXTURES OF INERT GASES IN A DC DISCHARGE 
~ N.A.Matveeva 


The passage of a direct current through a mixture of gases results in sepa- 
ration of the components. There is an 


with the lower ionization potential and, as a rule, 
the cathode, while the less readily ionized and lighter gas concentrates at the 


to one, the separation is the result of transport of positive ions in the dis- 

charge in the direction of the cathode, i.e., the separation is due to the dif- 
ference between the ionization potentials of the component gases;1l according to 
the other view, the separation may be due to motion of neutral atoms under the 

influence of electron impact so that in this case the determining attribute in- 
volved is the difference in atomic weights. 2 

Finally, some investigators suggest that both transport mechanisms may oper- 
ate simultaneously. 3,4 

The existence of directional migration or transport of ions in a discharge 
was demonstrated in the experiments of Frish & Kagan? involving observation of 
the Doppler shift of ion lines. Thus the transport of ions must play some role 
in the separation of the mixture. The available experimental data are as yet not 
sufficient for definitive elucidation of the separation mechanism. 

Investigation of the separation of gases in a discharge is of interest not 
only because it can lead to a better understanding of the properties of electric 
discharges in gaseous mixtures, but also from the point of view of practical ap- 
plication, for it can be utilized for the separation of gases and isotopes®, for 


the purification of gases and for enhancing the sensitivity of analytic deter- 


mination of minor impurities in gaseous mixtures8. Hence we undertook a system- 
atic investigation of the separation in a discharge in a mixture of inert gases. 
The principal shortcoming of most earlier experimental investigationsl-4,7 


of gas separation was that the experimenters judged of the change in composition 


in the discharge from the variation in the spectral emission of the mixture along 
the length of the discharge column. This procedure cannot, however, yield quanti- 
tative information on the variation in concentration inasmuch as the intensity of 
spectrum lines depends not only on the concentration of the given gas but also on 
the conditions of excitation which, particularly in the presence of separation, 
are different in different parts of the positive column. In our work we drew 
samples of the gases from the regions in the vicinity of the two electrodes and 


_then subjected these to quantitative spectrum analysis. 


The discharge tube used in the experiments (Fig.1) had two end bulbs, having 
volumes of 400 and 1600 em? and containing the nickel electrodes, connected by a 
1 cm diameter tube. The length of this tube varied from 24 to 150 cm in ‘differ- 


ent experiments. Branch tubes for the withdrawal of samples were located near 


each of the electrodes. The connecting tube contained a number of probes for 
measuring the electric characteristics of the discharge. The discharge was re- 
alized at a de voltage of 1.5 kv. The direction of the discharge current was 
chosen so that the concentration of the minor component in the mixture would be 
enhanced in the smaller bulb. All the experiments were carried out with binary 


mixtures of helium, neon and argon. 
The degree of separation was characterized by the ratio of the concentration 


of the impurity gas in the enriched sample to its concentration in the initial 


mixture: C;/C. The experimental uncertainty consisted of the errors of spectrum 
analysis and the errors connected with the process of separation itself. The 
average scatter of relative changes in impurity concentration amounted to 5-10% 


referred to the measured quantity. 


Ree 
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The results given below pertain to ex- 
periments with mixtures in which the impuri- 
ty was gas with the lower ionization poten- 
tial. In this case the impurity concentra- 

| tion increased in the vicinity of the cathode. 


By Measurements during the period of the 
S discharge showed that upon initiation of the 
discharge at first there occurs a rapid change 
in the composition of the mixture along the 


Fig.l. Discharge tube. length of the column and then, after a few 
minutes, a steady state is 


oe ul Je reached (Fig.2, curve I). 
a 45 ma This steady concentration 
es 3 Pench condition is apparently at- 
j 25 ma tained when the number of 
7 particles transported per 
2 2 La unit time under the influence 
0 0 0 70 20 0 10. LOR OOL of the electric forces is 
’ +,min p,mm Fg equal to the number of parti-= 
Pigeé Fig.d cles diffusing in the opposite 
Fig.2. Variation in the concentration of the readi- direction owing to the concen- 
ly ionized impurity (9% A in He) at the anode: tration gradient. The time 
I) after initiation of the discharge, II) after to the steady state increases 
cessation of the discharge (p = 1.6 mm Hg, i= linearly with in¢rease in the 
= 50 ma, tube length - 150 cm). concentration and depends 
Fig.3. Variation of the degree of separation little or not at all on the 
as a function of the mixture pressure (0.7% strength of the discharge 
A in He; tube length - 50 cm). current and the composition 


of the mixture. The separa- 
tion time increases with increase in the length of the discharge tube. 

In addition to the separation time, i.e., the time to attainment of the 
steady state in the discharge, we also measured the remixing time, i.e., the time 
to return to the initial gaseous mixture after cessation of the discharge (Fig. 

2, curve II). It was found that the time characteristics of the two processes 
are analogous and that the mixing time is approximately equal to the separation 
time. This, we believe, indicates that diffusion is involved in the processes 
leading to establishment of the steady state in the separation of the gases. 

In all subsequent measurements the samples were taken for analysis after 
attainment of the stationary state. 

Measurements of the degree of separation carried out for mixtures of dif- 
ferent composition and in a wide range of discharge currents (25 to 400 ma) show- 
ed that in the range of low pressures (0.4 to 1.5 mm Hg) there is a noticeable 
increase in the degree of separation with increasing pressure; at high pressures 
(1.5 to 4 mm Hg) the degree of separation varies little with the pressure. The 
probe measurements indicated a similar pressure dependence of the longitudinal 
potential gradient in the positive column of the discharge. 

The degree of separation increases with increasing strength of the discharge 
current (Fig.4). At first there is a nearly linear increase, then, upon attain- 
ment of a high degree of separation, the growth slows down and the curves tend 
to a saturation value corresponding to complete separation of the mixture. Ata 
sufficiently high current strength a small admixture of an easily ionized gas can 
be virtually completely eliminated from the base gas. Thus, in a 50 cm tube con- 
taining a mixture of argon and helium, the argon concentration decreased from 3% 
in the initial mixture to 1079% in the case of a 500 ma discharge current. i | 

| 
| 
| 
| 


4 
8 
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if 
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Fig.4. Variation of the degree of separation of a 
mixture of A and He with the discharge current (p = 
= 1.5 mm Hg; tube length - 50 cm). 
Fig.5. Variation of the degree of separation 
with the concentration of the easily ionized 
250 ma, tube length 
- 50 cm): 1) A+ He, 2) A+ Ne, 3) Ne + He. 


gas (p = 1.5 mm Hg, i = 


discharge current of 1 amp. 
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With increase in the 
concentration in the easi- 
ly ionized component, the 
dependence of the degree 
of separation on the pres- 
sure and current strength 
becomes weaker. The de- 
gree of separation with 
increasing concentration 
of the low ionization po- 
tential component falls 
off rapidly for mixtures 
of argon + helium and 
argon + neon and somewhat 
more slowly for a mixture 
of neon + helium (Fig.5). 
In the range of high con- 
centration (>20%) of the 
easily ionized gas, the 
relative increase in its 
concentration at the cath- 
ode is small even with a 


Cite 
imp’ 


In mixtures in which the main component is the easily ionized gas and the 
gas with the high ionization potential is the impurity there is virtually no sepa- 


ration. 


Thus, whereas in the case of a mixture of 3% argon in helium there was 


almost complete separation of the mixture at a discharge current strength of 500 
ma, in a mixture of 3% helium in argon we observed no noticeable increase in he- 
lium concentration at either electrode even when the discharge current was in- 


creased to 1 amp. 


The separation becomes noticeable only at initial concentra- 


' tions of the high ionization potential gas of the order of 15-20% and then in- 
_ creases with further increase of the concentration. 

The steepness of the longitudinal potential gradient in the positive column 
of the discharge decreases with increasing concentration of the easily ionized 


impurity. 


The concentration dependence of the longitudinal potential gradient 


is roughly similar to the concentration dependence of the degree of separation. 


CJC 


o | 


4100 ma. 


4 Z 


Fig.6. Variation of the de- 
gree of separation with in- 
creasing difference between 
the ionization potentials of 
the components: 1.4% of the 
easily ionized impurity in 
mixtures of A + He, A + Ne 
and Ne + He (p = 1.5 mm Hg, 
tube length - 50 cm). 


The influence of composition on the steepness 
of the longitudinal potential gradient is also 
evinced in the fact that in the course of separa- 
tion the potential gradient does not remain con- 
stant over the length of the positive column but 
decreases from the anode to the cathode, i.e., in 
the direction of increasing concentration of the 
easily ionized component. 

One cannot unambiguously determine to what 
extent the degree of separation depends on the 
ionization potentials of the mixture components as 
against their atomic weights, inasmuch as when one 
gas is replaced by another both these parameters 
change. In the range of relatively low (< 10%) 
concentrations of the easily ionized impurity, how- 
ever, the degree of separation for all the investi- 
gated binary mixtures was the higher, the greater 
the difference between the ionization potentials 
of the components (Fig.6). At higher concentrations 
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(> 20%) of the low ionization potential gas the degree 
of separation was the higher, the greater the potential 


ae gradient in the positive column. 
For investigating the influence of tube length in 
oa the separation we used three different tubes in which 

3 the distances between the sampling branches were 19, 34 
and 61 cm. These measurements were made with mixtures 

2 50 of argon + helium containing 1.3 and 6% argon at differ- 
ent pressures (0.5 to 2.5 mm Hg) and different values of 
the discharge current (25 to 200 ma). It was found that 

f £4. the relative concentration difference of the impurity 
at the ends of the tube increases in proportion to the 

0 tube length (Fig.7). 


OP ADEA DT The experimental results can qualitatively be ex- 


Fig.7. Variation of the plained on the assumption that the principal process 
difference between the responsible for the separation is transport of ions. 
concentrations of the As is known, the addition of even a small amount of an 
impurity at the ends of easily ionized component to a gas leads to a reduction 
the tube with the length of the electron temperature in the discharge, which, 
of the tube and the in turn, leads to reduction of the degree of ionization 
discharge current (1.3% of the base (high ionization potential) component. Hence 
A in He; p = 1.5 mm Hg). in the ion current moving towards the cathode there will 
predominate ions of the easily ionized gas. Upon being 
neutralized at the cathode, they give rise to an increase in the concentration 
of this gas in the vicinity of the cathode. This explains the substantial separa- 
tion observed at low concentrations of the low ionization potential component. 
The fact that there is virtually no separation in the case of low concentrations 
of the high ionization potential component indicates that the effect of separation 
due to difference in the atomic weights of the components is much weaker than the 
separation associated with ion transport. 

The increase in the degree of separation with increasing difference between 
the ionization potentials of the components is due to the fact that with increase 
of the ionization potential difference, the role of the high ionization potential 
gas ions in the current flow is reduced. At high concentrations of the easily 
ionized gas, the electron temperature in the column is so low that virtually all 
the ions in the discharge column are those of the easily ionized gas. In this 
case the degree of separation is determined primarily by the ion transport rate. 
Thus we find that the degree of separation is higher in mixtures characterized by 
a steeper gradient of the longitudinal electric field. 

The fact that the pressure and concentration dependences of the degree of 
separation and of the steepness of the potential gradient are similar shows that 
here the variation in the degree of separation is determined by variation in the 
ion transport velocity. The density of the ion current increases with the strength 
of the discharge current, which leads to the observed increase in the degree of 
separation. 

The above description of the separation process is, naturally, a very rough 
one. To construct a quantitative separation theory, one must know the velocity 
of the ions and the relative degree of ionization of the components, as well as 
the variation of these parameters with the discharge conditions snatihe composi- 
tion of the mixture. 

It may be concluded from our experimental data, however, that separation of | 
gases in a de discharge can be utilized for purifying gases and for enhancing the 


sensitivity of analysis for minor impurities, but only in cases when the impurity _ 
| 
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‘is a gas with an appreciably lower ionization potential than the main gas. To 
illustrate the use of this method of separation of mixtures for enhancing the 
sensitivity of analysis we plotted a working curve for determining argon in mix- 
tures of argon with helium for argon concentrations in range from 1075 to 10-4% 


10-4% a) .8 
In conclusion I desire to express my deep gratitude to S.E.Frish for suggest- 
ing the subject and guidance in the work. 


Scientific Research Physical Institute, 
Leningrad State University 
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MEASUREMENTS OF ELECTRIC FIELDS IN A HIGH-FREQUENCY LOW PRESSURE DISCHARGE 
BY MEANS OF AN ELECTRON BEAM 
- G.S.Solntsev, A.G.Porokhin & N.M. Chistyakova 


The techniques of measuring electric fields in discharges by observing the 
deflection of an electron beam passing through the discharge has been used in a 
number of investigations of dc glow discharges at low pressures.1}»2 In a low 
pressure high-frequency (hf) discharge the electric field at each point may be 
represented in the form of a superposition of two fields: the hf field E., pro- 
duced by the hf oscillator supplying the discharge, and a dc field E = due to dis- 
tribution of space charges in the discharge gap.314 By shooting an electron beam 
through the hf discharge one can simultaneously determine E.and E= and investi- 
gate the distribution of the two fields along the discharge axis. 


Experimental Procedure 


The experimental arrangement is 
shown in Fig.l. To insure a long service 
life, the electron gun had a tungsten 
cathode and was operated at potentials 
of 5 to 10 kv; the gun current was 107 
to 1078 amp. After traversing the dis- 
charge tube at the chosen diameter, the 
electron beam passed through a slit in 
the tube wall and impinged on the fluores- 
cent screen. To permit investigation of 
the field distribution along the length 
of the discharge, the discharge as a whole 
could be displaced (left or right in the 


Fig.l. Discharge tube and electron figure) relative to the electron beam. 
beam probe: EG - electron gun, e; & The eg electrode was moved by means of 
e€, - electrodes, DJ - double joint, a permanent magnet outside the tube; the 
HFG - hf generator. other electrode e, by means of the speci- 


al double joint at the end of the tube. 
Thus by simultaneous displacement of the two elec- 
trodes the electrode gap could be kept constant. 
The electrodes were brass disks 4 cm in diameter 
pecan be aes, with rounded edges; the e, electrode was grounded. 
The electron spot on the beam was photographed, the 
deflection being determined with reference to a 
suitable grid on the screen. 


ae b In setting the accelerating potential, we were 
Fig.2. Picture observed on guided by the following factors: 1) obtaining a 
the fluorescent screen; a) sufficient sensitivity for measurement of Ew and 
with an hg voltage on the E=, 2) obviating electric breakdown between the gun 
discharge tube electrodes electrodes, 3) obtaining adequate brightness of the 
but no discharge, and b) spot and proper focusing, and 4) scattering of the 
with a discharge. beam by the gas atoms. 


Fig.2 will serve to explain how Ewand Ex»can 
be determined from the beam trace on the screen. Point O corresponds to the beam 
spot in the absence of a field. When an hf voltage is applied to the electrode 
but there is no discharge in the tube, the point becomes a line AB, the length 
of which is proportional to E, at the given cross section of the discharge gap. 
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When a discharge is ignited between the elec- 
trodes, instead of the line AB on the screen, 
we will have the line A1B,, the midpoint of 
which, 0), will be displaced relative to 0. 
Again the distance A,B, gives the amplitude 
of the hf field E., while the distance 007 
is associated with the strength of the dc 
field EW due to the space charge. Thus, one 
can separately determine the ac and dc compo- 
nents of the electric field in the discharge. 
A necessary condition for effective ap- 
plication of the electron beam probe proce- 
dure for investigating hf discharges is that 
the electron transit time Tt through the dis- 
charge must be shorter than the period T of 


6810 20 30 40 Orie the field. Fig.3 shows the variation of t/T 
Se with the field frequency for a 4 cm diameter 
Fig.3. Variation of T/T with the tube and different accelerating potentials. 
frequency for a 4 cm diameter tube It will be evident that for a frequency of 
and different accelerating poten- 3.3 Mc and V, = 5-10 kv, the ratio T/T = 
tials (indicated in kv at the = (3.3-2.3)-1073, 
plots). In investigating discharges in cylindri- 


cal tubes, it is commonly assumed that the 
longitudinal component of the hf field ina given cross section does not depend 
on the distance from the tube axis. In other words, it is assumed that the skin 
effect due to the rapidly alternating field in the discharge is insignificant in 
the case of discharge currents in the range from a few to some tens of milliamps. 
In the case of heavier currents (107-103 amp), however, the skin effect should 
“probably be taken into account.? 
; Inasmuch as in traversing the discharge the electron beam is deflected under 
the influence of the longitudinal field in the direction of the discharge axis, 
-in the presence of an inhomogeneous field the deflection of the spot on the 
screen corresponds to an averaged value of the field; owing to superposition of 
the hf and de fields the "averaging region" increases as compared with that ob- 
taining in measuring EW in a de discharge. 

In utilizing the electron beam probe technique for investigating hf dis- 
charges, it must be borne in mind that it can be used only for determining the 
“field in E-discharges, wherein all the processes are determined by electric fields 
rather than by rapidly varying magnetic fields, i.e., measurements can be made 
only in discharges in which eddy current fields are negligible. 

The sensitivity of the equipment, which we arbitrarily define as the field 
“strength producing a 1 mm deflection of the spot on the screen, may be determined 
in two ways. The first procedure consists of setting the electrodes fairly close 
,to each other and applying a known hf potential; then the field strength is cal- 
culated and the beam deflection measured. The second method is based on equating 
the voltage applied to the electrode to the graphically obtained integral of the 
‘curve characterizing the distribution of the hf field in the discharge gap. 

Actually, the difference between the values of E~ obtained by the first and 
‘second procedures did not exceed 20 v/cm and is explained by the barrel~shaped 
configuration of the electric field between the discharge electrodes. 

' An obvious requirement where the electron beam probe procedure is concerned 
is that the disturbing effect of the electron beam on the investigated region of 
the discharge be small. Control experiments and theoretical evaluations taking 
into account both elastic and inelastic collisions of the beam electrons with the 
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=100 y —Fig.4. Distribution of the hf 
field E~ (a) and the space charge 
field E~ (b) in a discharge in 
i argon at p = 1072 mm Hg and f = 
-200 3e3 Mc. 


gas atoms and the interaction of the electrons with the plasma showed that in 
our experiments this condition was satisfied. 
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Results 


After preliminary tests, we carried out measurements of the electric field 
in argon at a pressure of 107-2 mm Hg at a field frequency of 3.3 Mc. The dis- 
tributions of the hf field E~and the space charge field E~ in the discharge with: 
an electrode separation of 12.4 cm are shown in Fig.4. The asymmetric character 
of the curves near the electrodes is explained by the fact that the hf voltage 
was applied to the right electrode (Fig.1), while the left electrode was grounded! 
Hence the discharge was asymmetrical. Using the data of Fig.4 one can plot the 
instantaneous distribution of the sum fields E = E coswt + Eat different time: 
during the cycle; this has been done in Fig.5. 

Further, making use of the expression for the field in terms of the scalar 
potential (which is valid for E-discharges) , we obtain the instantaneous distri- 
bution of the potential along the discharge gap for different instants during 
the cycle (Fig.6). | 

The space charge distribution at different instants can be calculated by 
means of Poisson's equation; this distribution is plotted in Fig.7. There is a 
positive space charge near each of the electrodes. The magnitude of the space 
charge near the hf electrode varies with time; it is greatest during the ness 
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Fig.7. Distribution of 
Space charge at different 
instants of the hf field 
cycle: )) ut = 052) ot = 
= wt/2 and 3) owt = x. 


+Fig.6. Instantaneous dis- 
tribution of the potential 
along the discharge gap: 

1) wt = 0, 2) wt = n/2 and 
3) wt = ne 


half-cycle and minimal during the posi- 
tive half-cycle. In contrast, near the 
grounded electrode the rent cade of the 
Space charge is virtually independent of the field period. In the middle of the 
discharge gap the excess space charge is zero. 

| Interpretation of the results is hampered by the fact that the usual dif- 
fusion relationships for electron motion do not apply under our experimental con- 
ditions. On the basis of the behavior of the space charge near the electrodes 
‘and the data on the field distribution, it may be hypothesized that intense ion- 
ization of the gas occurs in the middle part of the discharge gap. The electrons 
are rapidly accelerated under the influence of the field and move towards the 
electrodes. The positive ions also move from the central region of intense ion- 
ization towards the electrodes, but their velocity is lower than that of the elec- 
trons so that positive space charges build up in the sections of the gap near the 
lelectrodes. In the high field region near the right electrode, the positive ions 
acquire a high energy which leads to active disintegration of the electrode sur- 
face and, possibly, to electron emission (y-processes). 

For a more complete interpretation of the results obtained for hf discharges 
at low pressure by means of the electron beam probe it is essential to extend the 
investigation to higher frequencies and to carry out measurements at different 
gas pressures and with electrodes of different materials. In addition, it would 
be desirable at this stage to use the electron beam probe procedure in conjunction 
with other methods of investigation (conventional probe, optical, etc.) in order 
to obtain comparable results and thus check the reliability of this procedure. 


ALTA mA 


- 1018 - 


Conclusions 


1. The electron beam procedure, which we employed for investigating a high- 
frequency, low pressure E-discharge, allows of simultaneous measurement of the 
hf field and the space charge field at different points in the discharge gap. 
The procedure has certain limitations and to obtain meaningful results for hf 
discharges certain specific requirements must be met. 

2. In the present work there have been obtained for the first time data on 
the distribution of the electric field, potential and space charge in a high- 
frequency discharge in argon at a pressure of 10°° mm Hg for different instants 
during the hf voltage cycle. 


Physical Faculty, 
Moscow State University 
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MEASUREMENT OF THE ELECTRIC FIELD IN A SUPER-HIGH FREQUENCY PLASMA 
- V.E,Mitsuk, M.D.Koz'minykh & I.V.Talalaeva 


The linear Stark effect has b 
the electric fields in the cathode 
has proved impossible to extend the 
fields of the order of 103 
Stark effect. 


In contrast to de plasma, in microwave plasma very appreciable electric 
fields may obtain. As follows from even the simple one-electron model of a micro- 
wave discharge, when the frequency of the field is greater than or comparable to 
the collision frequency (w>y), an electron velocity amplitude sufficient for 
ionization at a frequency of about 1010 cps is attained with an electric field 
of the order of 104 v/em. On the other hand, some of the specific characteris- 
tics of microwave plasma, in particular, the relatively low gas temperature, the 
absence of excess charge and the fact that Holtzmark type effects at pressures 
under 10 mm Hg are weak, give reason to assume that the principal effect in deter- 
mining the Balmer line contours is the Stark effect. 

A quantum mechanical theory of the Stark effect in an alternating field was 
proposed for the hydrogen atom by Blokhintsev!. He showed that the Stark contour 
for the case of an alternating field differs substantially from the static Stark 
contour. Earlier, one of us” carried out a comparison of the parameters of the 

Hg line Stark contour as calculated according to Blokhintsev's theory with the 
experimental results obtained at a frequency of 9400 Mc for hydrogen at pressures 
of the order of 1 mm Hg. It was shown that the Stark effect at super-high fre- 
quencies can be utilized for the measurement of electric fields in microwave 
plasma. 

: Below we give some results of further experimental work with the same equip- 


een successfully utilized for investigating 
region of de glow discharges. However, it 
measurements to the positive column because 
v/cm or higher are required to obtain a noticeable 


‘ment. 
1. Stark contour in an alternating field 


Two cases are distinguished in analysis 
of the matrix element of the dipole moment 
: of the atom in an external field of the form 
Onn Q E = Eg cost and having a linear Stark ef- 
Wy_74w Wmnt4w fect in a static field: case 1 obtains when 
the time tT of observation of the spectrum is 
Wp thw much shorter than the period T of the extern- 
b D. al field (t < T = 2n/w), and case 2 when 
Wmn CE SSTTe 
In the first case the intensity maximum 
in the spectrum occurs at the frequency cor- 
, Q responding to the static field splitting com- 
Meee 2h 8 2a ae & 8 ponents of the line wm. In the limit @W-»0), 
Big.l. Line splitting: a) in a we obtain precisely the familiar static ef- 
static field, b) in an alternat- fect. ifviorithe sake of simplicity we as- 
ing field. sume that in a static field the line Omn is 
split in two, we will have the situation pic- 
tured in Fig.l1,a. The magnitude of the splitting Mwis Deut ae the field 
strength and can be calculated by the Epstein-Schwartzschild formula: 


ya (1) 
4mime 


Aw = 


- 1020 - 


In the second case, which is the one of interest from the experimental stand--: 
point, a different picture is obtained. Superficially, the spectrum is reminis- 
cent of the spectrum of a frequency modulated signal. In addition to the funda- 
mental atomic frequency mn, there appear the combination frequencies 


Wimn i POs (2) 


where wis the frequency of the external field and p= 1,2,3....- 

The qualitative aspect of the spectrum is shown in Fig.1,b for the case when 
Auwiw > 1. The envelope of the combination frequency intensities is arranged sym-- 
metrically relative to the unshifted (field-free) line; it has maxima near the 
frequencies (wmn- Aw) corresponding to the components of the static effect and 
falls off rapidly (exponentially) to zero outside the spectral region bounded by 
these frequencies. For the Balmer series, the static Stark structures will ob- 
viously have more than two components, but inasmuch as they are symmetrical with 
respect to the unshifted line the procedure for constructing the atomic spectrum 
in an alternating field reduces to superposition of the combination frequency in- 
tensities plotted independently for each pair of symmetrical static components. 

By way of illustration the contour of the line for ™ = 9400 Mc and E, = 
= 5°103 v/em is shown in Fig.2. The contour as a whole may be characterized 
quantitatively by a suitable parameter, namely, 
the half-width 8, which, as has been shown in Ref. 
2, is virtually a linear function of the electric 
field amplitude in the range from 2°10° to 20-102 
v/em. Thus the experimentally observed half-width 
of the Stark line contour gives us a measure of the 
amplitude of the external electric field in micro- 
wave plasma. 


2. Measurement of the field amplitude 


Aw, cr’ 
Fig.2. Calculated (theo- A somewhat simplified version of the experi- 
retical) line structure in mental set-up described in Ref.3 was utilized for 
an alternating field checking the photographic recording procedure and 
(neglecting the fine struc- comparing the results obtained by it with those ob- 
ture of hydrogen). tained by it with those obtained by means of a 


photomultiplier. 

The discharge tube, which was a hydrogen filled 1 mm diameter glass capillary 
with very thin walls, was mounted in the symmetry plane of a 23 x 10 mm waveguide.. 
The discharge radiation passed through a window in the narrow wall of the wave- 
guide and fell on the slit of a DFS-2 spectrograph. The capillary to slit dis- 
tance was chosen so as to fill the spectrograph aperture with light. The pulsed 
microwave power O = 3.2 cm), fed into the waveguide from a magnetron, passed 
through the section containing the capillary with no substantial reflection or 
absorption. The field amplitude E, at the capillary axis was found from the 


average power Pay (measured by a thermistor instrument) by means of the familiar 
expression 


Py, /tF = E2hY 9/2 (3) 


her i =a V | 
where Y, is the characteristics admittance ( 0 Sixes = 1—(By, ais the 


width and h is the height of the waveguide, \ is the wavelength in free space 

e is the permittivity and yp is the permeability of the material filling the vaven 
guide, tT is the pulse duration and F is the pulse repetition frequency (in our 
experiments T = 1-2 psec and F = 300-600 pps). 
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The experimental results are shown in Fig.3, 
 . where 5 is the half-width of the Stark contour ob- 
tained from the spectrograms’ and Ey is. the elec- 
tric field amplitude calculated by means of Eq. (3). 
For comparison we also give the results of experi- 
ments with photoelectric recording of the spectrum. 
It will be seen from the figure that the experi- 
mental points obtained by photographic recording 
lie below the theoretical curve, while the results 


obtained with PM recording lie consistently above 
the theoretical plot. 


3. E= f(t) in a pulse shf discharge 


For obvious reasons, it is desirable to know 
the field strength in the discharge at any given 
Fig.3. Variation of § with instant... In particular, knowledge of the field 
Eo: 1) recorded by means of strength at different instants during the discharge 

a photomultiplier, 2) re- should be of help in understanding the process of 
corded photographically. formation of an shf discharge. 

The photographic method of recording can only 
give the value of the field strength averaged over the entire pulse. One can dis- 
criminate the requisite short intervals only by the photoelectric procedure, 
using time selection of the pulse from the photomultiplier (the photomultiplier 

output pulse should have the same shape as the light pulse). In principle, the 
“problem can be easily solved: one need only provide for blocking and unblocking 
of the PM pulse circuit at the requisite instants. The selecting pulse must have 
a duration much shorter than the duration of the investigated pulse and there 
‘must be provision for shifting the narrow gate in sufficient small steps. Each 
instant will be characterized by its own particular line contour (I vs Y); then, 
yas noted above, from the line contour we can uniquely determine the field strength. 
If the selection (gate) steps are sufficiently small, we can determine the varia- 
tion of E with t over the entire shf pulse and even during a certain interval 
after cessation of the pulse (the limit is determined by the rate of decay of the 
discharge glow and the noise level of the photomultiplier circuit). A block dia- 
gram of the experimental set-up is shown in Fig.4. 


o 
§ E,, kv/ cm 


Analyzing the experimental re- 
quirements, we note that it is not 
necessary to record the full line 
contour by automatic scanning of the 
slit. Since essentially we are in- 
terested only in one parameter, 
namely, the half-width § (the width 
at half-height), actually we need 
only measure §. In practice, deter- 
mination of the line half-width en- 

—_ counters certain difficulties con- 

pre Some nected with the necessity of taking 
Fig.4. Block diagram of the experimental ar- into account the nonlinearity of all 
rangement: P - discharge tube, S - spectro- the electronic circuits from the 
graph, PM - photomultiplier with cathode fol- photomultiplier to the recording in- 
lower, Amp - wide band amplifier, M - magne- strument. The time selector in 
tron, D - detector, Ts - time selector, Syne ~---~ ~~ crr mmo m nnn nnn nnn nnn 

- synchronizing unit, DL - delay line, PG - *Some of the measurements were 
pulse generator. made by L. I. Prokoshina. 
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particular may have a distinctly nonlinear amplitude 

characteristic. 

The experimental procedure described below circum- 
vents this difficulty. The measurement scheme is ex- 

B D . plained in Fig.5. First we move the photomultiplier 
back and forth in the focal (spectrum) plane to obtain 
the maximum signal (point A). This means that the PM 
is positioned at the peak of the line. Then we close 

x down the slit in front of the PM cathode to half its 

Fig.5. initial width and note the signal level (point D). Next 
we reopen the slit to its initial width and move the PM 
first to one side and then to the other to where the signal is equal to the point 

D level (points B and C). The distance between the two PM positions (B and C) 

is, obviously, the line half-width. 

This procedure is justified only if the slit in front of the photocathode 

is sufficiently narrow for the entering light flux to be proportional to the slit 

width throughout the range of slit width variation. Theoretically, the error due 

to finite size of the slit will not exceed 1-2% provided the slit width is not 
greater than 1/5 of the half-width of the spectrum line (in the plane viewed by 
the PM). Actually, however, the error in determining the half-width by this pro- 
cedure is appreciably larger (up to 10%) owing to sugjective factors (in our work 
we carried out at least 10 measurements for each discharge instant). The experi- 
mental accuracy could be increased by one order of magnitude if the signal to 
noise ratio were substantially increased. In our experiments the signal to noise 

ratio was about 1-1.5. 


According to our evaluation, the 
0; cn? &,kv/cm error due to the finite width of the 
spectrograph engrance slit is not 
large. The ratio of the entrance slit 
width to the half-width of the line 
did not exceed 0.25, which results in 
an additional broadening? of the order 


d : 
of x(¥)> i.e., 3%, inasmuch as 


vo d? Ue = 
ee yi where §" is the half- 


width of the line broadened due to the 
finite width of the slit. 

Fig.6 shows the results of experi- 
mental determination of E = f(t) in an 
shf pulse discharge in deuterium with 
T = 2 microsec, py = 50 kv, Tse] = 0.1 
microsec and ATgej = 0.1 microsec (§ is 

t,Usec the line half-width at the given in- 
Fig.6. Variation of the shf pulse power stant). Since the linearity of E = f (8) 
Pp and the luminous intensity I of the is an experimentally established fact 
discharge as functions of the time t: we can safely infer that the plot in 
1) p = 4.3 mm Hg, and 2) p = 23 mm Hg. Fig.6 represents E = f(t). 

We reckoned the tim - 
ginning of the leading edge of the shf power pulse. In order to siete rater | 
time reckoning with the selection pulses (delay line steps), shf pulses from the 
magnetron and selection pulses, delayed a known interval by Site delay line, were 
applied atlernately to the vertical input of the oscillograph. A seetaneeiae grid 


SANT Hea oi a 
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‘on the oscillograph screen served as an auxiliary reference system. As the zero 
value of § we took the half-width of the contour for t = 3.0 microsec, when a 
faint afterglow is still observed. It may safely be assumed that the discharge 
field at this instant is nearly zero inasmuch as the shf power pulse terminated 
prior to t = 2.6 microsec. Hence we took the half-width determined for t = 3.0 
microsec as the apparatus function. The apparatus function, in turn, determines 
the position of the horizontal axis, i.e., the § or E zero. 

In concluding, it must be noted that unfortunately the initial part of the 
luminous output pulse (specifically, the interval corresponding to the rise of 


the shf power pulse) was not encompassed in the measurenients owing to the low 
luminous intensity (Fig.6). 
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INFLUENCE OF THE TEMPERATURE OF AN AUXILIARY ELECTRODE ON THE IGNITION 
OF A HIGH FREQUENCY DISCHARGE IN HELIUM 
- Kh.A. Dzherpetov 


In the work of Brownl and Kihara” the breakdown voltage of a high frequency 
discharge is assumed to correspond to the voltage of an infinite increase in the 
electron concentration. From the standpoint of this definition of breakdown, the 
theoretical breakdown voltage is independent of the initial ionization. It is, 
however, logical to assume that under any given conditions the instant of break- 
down corresponds to increase of the charged particles to a certain final, critical 
concentration. This definition of breakdown allows of evaluating the influence 
of initial ionization on the magnitude of the breakdown voltage. Hence we felt 
it would be of interest to carry out an experimental study of the influence of 
the initial electron concentration on the breakdown voltage. To this end we de- 
signed a discharge tube with an auxiliary heated electrode: by regulating the 
heating current we could vary the initial electron concentration in the discharge 
gap at will. 

The breakdown (ignition) voltages were measured both with internal and with 
external electrodes. The experiments showed that the ignition voltage beginning 
with a certain temperature of the auxiliary electrode falls off sharply and then 
remains virtually constant with further increase of the auxiliary electrode tem- 
perature. 

The experimental ignition temperature vs auxiliary electrode temperature 
(heating current) curves obtained for the case of internal electrodes with a sepa- 
ration of 2 cm are shown in Fig.l. It will be evident from the curves that with 
increase of the heating current (temperature) the ignition voltage at first re- 


500 +=1000 845 500 1000 0 500. 1000 O 500 1000 
Ly, ma dy, ma Z,, ™ma 7,.ma 
Fig.1. Variation of the ignition voltage (a) and ratio Vit/Vio (b) as a function 
of the auxiliary electrode heating current for discharges in He between internal 
electrodes: 1) p = 0.8 mm Hg, 2) 1.4 mm Hg, 3) 5.2 mm Hg, 4) 7.3 mm Hg. 
Fig.2. Same as Fig.1 but for external electrodes. Distance between ex- 
ternal electrodes d = 1 cm; distance between internal electrodes L = 3 
cm; 1) p = 0.55 mm Hg, 2) 0.8 mm Hg, 3) 1.1 mm Hg, 4) 2 mm Hg. 
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mains the same, then falls off rapidly and 
finally levels off again. 

Similar curves were obtained in the case 
of application of a high-frequency voltage to 
the external electrodes; in this case the 
position of the plates, formerly serving as 
internal electrodes, determined the linear 
dimensions of the discharge volume. The re- 
sults of these measurements are shown in 
Fig.2. Here again, the ignition voltage re- 
mains constant, then in the heater current 
range from 400 to 700 ma (for all the listed 
pressures) decreases sharply, and finally 
levels off at a value dependent on the pres- 
sure. 

To determine the pressure dependence of 
the Vit/Vio ratio (ratio of the ignition 
voltage with the auxiliary electrode heated 
to the temperature T to ignition voltage with 
no heating of the auxiliary electrode) vs aux- 
iliary electrode temperature curves, we car- 
ried out measurements in a wide range of pres- 
sures with a fixed interelectrode distance. 
Curves characterizing the variation of the 
Fig.3. Variation of the ignition ignition voltage and Vit/Vio as a function of. 
voltage (solid curves) and the the pressure at different values of the aux- 
ratio Vit/Vig (dashed curves ) iliary electrode heating current are shown in 
with the He pressure at different Fig.3. The hf discharges were realized at a 
values of the auxiliary electrode frequency of 2 Mc with an electrode separa- 


heating current: 1) Iy = 0, a) tion of 2 cm. 

400 ma, 2 & b) 500 ma, 3 & c) It will be seen from the figure that the 
600 ma, 4 & d) 700 ma, 5 & e) ignition voltage vs pressure curves have two 
800 ma. minima. With increase of the auxiliary elec- 


trode temperature above a certain value, the 
region of maximum values of V4; between the two minima is gradually shifted to 
the side of lower pressures. With increase of the heater current the region of 
the first ignition voltage minimum narrows. As a result of these two effects, 
the pressure dependence of Vit/Vio has a minimum in a certain temperature region 
(1500 to 2000°). This is evinced by the dashed curves c,d & e, whereas curves 
a & b obtained with heating currents of 400 and 500 ma, i.e., at electrode tem- 
peratures under 1500, exhibit no minimun. 

According to Brownl, Kihara? and other authors the balance equation for elec- 

trons in the discharge gap at the instant of breakdown is 


nv + q+ y>(Dn)=9, 


where n is the number of electrons per unit volume, v is the number of ionizations 
_ per unit time by one electron, D is the diffusion coefficient, g is the number of 
electrons produced per sec in a unit volume under the influence of the external 
ionizer. In contrast to Brown and Kihara, we assume that the electron concentra- 
tion at the electrodes prior to breakdown is not zero and depends on the initial 
ionization. Under this assumption the solution of this equation for the case of 

a discharge gap between two infinite plane electrodes gives the following expres- 
gion for the electron density in the middle of the discharge gap: 
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I 
n= —~—— +2 —1, 
Wy IL y %) dbs 
cos ee cos Ceo m 
IQ) iD) Pp 


where n, is the electron concentration at the electrodes and L is the interelec- 
trode distance. In view of the fact that the first term in the above equation is 
much larger than the second one, we can disregard the latter and write 


No 
n= — 
SEE, 


Ss — 
co 5 


Let us assume that at the instant of breakdown the concentration of charged 
particles under the given conditions attains a certain critical value n,, and 
that this critical concentration remains constant under the given conditions for 
other values of the initial ionization. Then for two different initial ioniza- 
tions we can write é 
02 


n 
AS are Se Se 
cosJ/ ¥ a cos 
D, 2 
Making use of the functional dependence of Y on the ignition voltage U given 
by Kihara“, we can rewrite the above equation in the form 


vo L 
Dd. = 


: BpL 
cosy / A (ee y en Us 
Nog =. 2 
noi BpL f 
. ‘nL\2 —-—— 
cos A () s U 


Here A and B are constants, equal to 4 and 50, respectively for He, p is the pres- 
sure in mm Hg and L is the interelectrode distance in cm. This equation shows 
that the ignition voltage should decrease with increase of the initial ionization 
(n,)- The introduction of an auxiliary electrode capable of injecting free elec- 
trons into the discharge region leads to an appreciable decrease of the hf dis- 
charge ignition voltage, inasmuch as the introduction of additional electrons 

into the discharge gap results in an increase of the initial ionization. 

The displacement of the region of maximum values of Vj~ (between the two 
minima) in the ignition voltage vs pressure curves to the side of lower pressures 
with increase in the temperature of the auxiliary electrode (Fig.3) can be ex- 
plained as follows. As was shown in earlier contributions? »4, the electron oscil- 
lation amplitude in the region of the first minimum is greater than the distance 
between electrodes. As the region of maximum values of Vj; is approached, the 
oscillation amplitude becomes equal to the interelectrode distance. In the re- 
gion of the second minimum, the amplitude becomes smaller than the interelectrode 
distance. Increase of the auxiliary electrode temperature leads to reduction of 
the ignition voltage. In view of the fact that the electron oscillation amplitude 
is determined by the product \,*Vj; (e is the electron free path), decrease of 
the ignition voltage should be accompanied by displacement of the region of maxi- 
mum values of V4~ (region between the two minima) to the side of higher Nes 1eOay 
to the side of lower pressures, which is what we observed in the described experi- 
ments. 


I desire to thank Prof.N.A.Kaptsov for suggesting the subject and constant 
interest in the work. 
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CONDUCTIVITY OF WEAKLY IONIZED AIR AT HIGH FREQUENCIES 
- H.Margenau, E.Desloge & D.Stillinger 


some special aspects of the problem o 
gence between the theoretical formula 
available experimental data. 


we will give the known results; in the second part we will 


4 present a new deriva- 
tion of the fundamental conductivity formula, and in the third part will analyze 
the diverse approximations. 


1. Review of Known Results 
rr 


If an electromagnetic wave with an electric vector £feiot passes through a 
medium containing free charges, producing a displacement D = Ee'te,, the current 
density ; —cKe‘*t and the relation between the permittivity and the imaginary 
part of the complex conductivity s—o,—is; is given by 


— (1) 
The complex refractive index N is defined by the relation 
SiN x 


Ce he e (2) 


while the Maxwell equations relate (1) and (2) by the formula 


4nio,, 


N?=F— 


== fas = a (Oy 5 (3) 


If N is resolved into a real part n, corresponding to the usual index of re- 
fraction, and an imaginary part ik, which, according to (2) determines the ab- 
sorption, Eq.(3) reduces to 


20 (4) 

| m—k?—.e; nk= a: 
- where 
e: € on ee 
mas qit] taal ew ? (5) 
4no,. \2 

€ i 
| wed {tay/t CST}. 
3 
s, In these formulas the sign is chosen so that n? and ? will be positive. 


It follows from the last formula that for large o,/cw the quantity k?-> 


2n6,. 


Consequently, the condition k>1, i.e., the condition of appreciable rahe rk 
per one wavelength path, is realized provided o, /cw >1. On ea, oars and, sit 
follows from Eq.(1) that © becomes negative with increase of ie Consequen ve 
“the real part of the conductivity determines the ATION SSP an ee ea 

part determines the refractive index. Thus the conductivity 0 is fundamenta 


our discussion. Let us calculate it. 


— 
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To facilitate reference, let us write out the familiar expression for the 
reflection factor: 


(n —1)2 + k? 
) (6) 


(n — 1)? + hk? ~ 


Obviously, with increase of absorption, R approaches unity. 


2. Derivation of the Expression for the Complex Conductivity 

Earlier one of us deduced an equation for calculating the complex conductivi- 
ty of an ionized gas in which the effect of electron relaxation is due to colli- 
sions between electrons and neutral molecules. This equation is applicable in 
cases when the distribution in energy is arbitrary and the electron collision 
cross section can be any function of their velocity. In this section we will de- 
duce the same formula in a more direct manner, obtaining in the process of Cal 
culation a different expression which is applicable under certain conditions when 
the original formula becomes invalid owing to neglect of terms of higher order 
in the utilized expansion. 

Let us consider a plasma in an alternating electric field Ecoswt. If we 
choose the xz axis in the direction of the field, the Boltzmann transfer equation 
can be written in the form 


0 yg y} > - 
yotsot 20 C2 ie Bet el ee (7) 
0v,. at at ; 


where (0x, Vy: Vz» t) is the electron distribution function, which we normalize to 


; dp . 
unity, — is the rate of change of » as a result of the influence of all agen- 


cies, except the electric field, and es 


Let m~ 
do d.@ d.? 


dt dt dt ’ (8) 


do 
where —- is the variation of » resulting from collisions, and =a 
dt 


a is the varia- 


tion of g due to all other agencies (except the electronic field). Let us now 


da? 
“* 4g a function of the absolute magnitude of the velocity but not 


assume that BP 


of its direction: 


) 
dt 


sxe (n(v).: (9) 

Let W(v, v')dv'dt be the probability of an electron with velocity 7 undergoing 
a collision during interval dt and acquiring a final velocity in the interval 
from v to v’'+dv’. We then obtain the following expression for the rate of change 


of » as a result of collisions: 
ad. ~ pee feta Se 
<P = Vio, OWE, dao’ — 9, 0) \ W (v, 0’) do’ . (10) 


If the first term on the right in Eq.(10) is multiplied by ndv, where n is 
the electron concentration, it will represent the initial velocity fran which : 
by virtue of collisions, the electron enters the velocity interval v to reo 
In order to calculate the mean electron velocity directly after collision one 
must multiply this expression by v integrate over all velocity space aide divide 

| 


Nae Sar gies 
Note:v, v,etc,denote vector quantities. 
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by the mean collision frequency. 


2 We assume that this expression is an even func- 
tion™ with respect to Urn. 1e@e , 


BW Soe ae HT (neo be 
\elv Wo, v) dv Hd (a, ¥,, Uz, 1) = H (— »,.. Ups al). (11) 
If (11) is valid, the mean velocity component of the electron immediately 
after collision equals zero. The inverse is not true. The integral of the sec- 
ond term on the right in (10) is the collision frequency V (v). We assume that 


this expression is a function only of velocity, but not of direction. Then for 
this term we will have 


9 (0, t) | W(0, v1) do’ = 9(6, tr). (12) 


Combining Eqs. (7)-(12), we obtain the following expression for the Boltzmann 
transfer equation 
a dae 


yi COS wt 92, 4- dt = k (Ux, vy, v2, t) c= ¢v(v) ? (13) 


where k (0x, ty, Vz; t) is some unknown function that is even with respect to 2,. 
Let us now introduce the two functions . 


P+ = Ze [¢ (vx) + o(—2,)] (14) 
and 


P— = */219 (Ux) — p(— vx)] . (15) 


After insertion of (14) and (15) in (13), we obtain 


Fi) d ; 
1 Cos wl 5 [94 + O-] + Gr lee + 9] = & (Uxs0y,02,t) — v(v) [94 + @_]. (16) 

Replacing », by —v, and subtracting the resultant equation from (16), we obtain 
a de. dp_ 
c Y COs wt ie egy ae V(t) O25 (17) 
at this point we make the following assumption: for arbitrary a and b 

b ts (b, ty» vz, t) 

\e (22, yr V2 t) dry =\ Po (Vx, Uy tz) dv, (18) 

a . a—g (a, v » Uz, t) 


here (vx, Vy, @z, t) = (v) is the equilibrium distribution function** and 
g=g(v,t). This is equivalent to the assertion that all the electrons, which in 
the equilibrium distribution are in a given velocity interval, are displaced by 
the electric field into a new interval in which the xz component of the velocity 
differs from the initial zs component by an amount g, While the y and z velocity 
components remain the same. This assumption means that the field acting on the 
electrons in the direction of v, and the collisions add a velocity component g 
“in the direction of v,. The magnitude of this component in the absence of col- 
‘lisions would be a function of the time only. However, collisions also change 


*If it is not assumed to be even, then for elastic collisions we can readily 
show that no matter what the collision frequency, it can be replaced by the col- 
-lision frequency at the instant of transfer.! This however will only influence 
the qualitative results. 

**kWe could make the more general assumption that %(zv)is any function of ? 
The form of this function may then be determined from an equation corresponding 


to (17). 


“4 i 
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and since the collision frequency is a function of v alone, we may assume that 


g=glr, ?). 
Eq. (18) can be rewritten 


og 
@ (Vx, Vy, Vzy t) + Gp (Vx — $1) Uys v2) [1 — oe |. (19) 


The same result can be obtained by replacing 7, by oo (Os) in the right 


part of (17). The presence of the factor (cae in (19) is explained by the 


x 
fact that, although electrons in the given interval in equilibrium distribution 
are shifted to a new interval, the magnitudes of these two intervals in general 
are not equal and, consequently, the plane in velocity space represented by the 
distribution function is changed incident to the displacement. 


If ce <1, Eq({19) can be rewritten in the form 
Uae 
2) (Ux,Py Vast) = OH (Ux ag Vy» V2)5 (20) 
in this approximation Eqs. (14) and (15) become 
p+ = Ve [0 (¥x— 8) + Po(¥x + 8)I5 (21) 
g- = "le [Po Oe g) SOG (vx + g)].- (22) 


If we expand 9, and ¢_ into series in powers of g and assume rapid conver- 
gence of these series, then 


pao VOR 
P-_~ av. ois (24) 


Inserting (23) and (24) into (17) and solving the resultant differential 
equation for ¢, we find 


YY 
o= w2 + yp? 


14°) 


way sin wt . (25) 


cos wt + = 
The current density is given by the relation 
j= ne \\\ VxP (Vx, Vy, Uz, t) dvxdvydv; . (26) 
There are a number of eipuddaseas that can be used to characterize the dis- 
tribution function o». If we set 


= en 0 
P= +-9-=H— Fe, (27) 
we obtain our earlier formula?: 
ne OSG. 4xrMe 0 
Leases | oa edd = — 3 \ go°§ 2 dv (28) 


If we insert (20) in (26 the de 
obtain pal n on the assumption that ¢(vx)~g(vx—g), we 


j=A4nn- \le -}- 5 ral vo, dv (29) 


Actually, Eqs.(28) and (29) are identical inasmuch as (29 
can b 
from (28) by integrating by parts. ) e obtained 


-*LOSIG = 


If, however, instead of inserting (20) in (26) 
we use (19), then, transform- 
ing the axes we obtain (for the same assumptions): , 


] = 4rne \ gv’, dv. (30) 
Expressions (23) and (24) show how important accuracy is for determining g 


dg p 
but not for PIES Actually, it would be surprising if this method gave a good 


dg . ‘ ; 
value for a inasmuch as approximations (23) and (24) are obtained as a result 


x 


of disregarding terms in Py 
= 


The accuracy of (30) depends only on the accuracy 


x 


of g whereas the accuracy of (29) depends on both g and ae Consequently, we 
av 


x 
May expect (30) to give a more realistic value of the current than (29), provided, 
of course, that for the assumed form of the distribution function, (19) is physi- 
cally a more reasonable approximation than (20). 
It is interesting to note that (30) could be obtained on simple physical 
grounds from the Lorentz equation. According to Lorentz, the drift velocity 


for electrons with a collision frequency y is obtained from the differential equa- 
tion 


mz + ymx = eE cos at. (31) 


Solving for the drift velocity « and equating it with g we also obtain (25). 
Multiplying by e, we obtain the current produced by a single electron with a col- 
lision frequency vy. Summing over all electrons and bearing in mind their distri- 


bution in velocity, we obtain (30). If SE <g, the right parts of (29) and 


3 dv 


(30) are approximately equal. This is the case when v is constant. 
The character of the approximations used in deriving (29) and (30) hampers 
evaluation of the validity of these expressions on a purely mathematical basis. 
We carried out a comparison for a special form of the functions 9 and v(v). 
Negative conductivity, which is sometimes obtained in using (29), arises 
owing to the inaccuracy of this formula. This occurs, for example, if we used 
the experimental value for the electron collision frequency in gir and assume that 


Go = (4nv'2) 3 (v0), 


Equation (30) yields positive conductivity values for all v and differs from 
(29) by 50% even for velocities when both expressions are positive. This is un- 
_ doubtedly an exceptional example, which is only of academic interest, particular- 
| -ly since use of the § function in Eq.(24) is not absolutely necessary for a good 
- approximation to (22) (the § function can be replaced by a Gaussian function). 
On the other hand, if we use the same collision frequencies together with a Max- 
wellian distribution, then (29) and (30) prove to be in good agreement within the 
limits of the error in evaluating the integrals by the saddle-point method. 2 
Before turning to an analysis of the diverse approximations, we recall chat 
- (28) and (30) are the fundamental formulas for calculating the complex conductivi- 
ty. For the case of constant vy they lead to the Lorentz formula: 


2F 8 vcoswt+ asin wt 
ee eee 
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These formulas differ greatly, however, when either Y or 9 varies rapidly 
with v. In this case Eq. (28), in contradistinction to (30), leads to negative 
conductivities. In practice, the difference between these two formulas is un- 
important and in our work we used formula (28) as was done in his work by Brode3, 


Thus, we can write 


ori = Lobes (33) 
4t d vee 
pee ine Grae (39 
_ an d v3 
I= \ 0 a5 yt) ae (35) 


In these expressions, , and v are functions of v. If v is constant, the 
form of the function 9 is insignificant; on the other hand, so, does depend on 
the form of »9,- In what follows we assume the distribution function to be Max- 


wellian. 


3. Application to the Atmosphere 


We make three approximations concerning Vv. The first two represent an 
idealization frequently encountered in the literature, but still not fully util- 
ized in practice. The third assumption is more substantial inasmuch as it is 
based on the experimental velocity dependence of y. From our point of view, it 
is of particular interest to carry out a comparison of the quantitative results 
for these three cases. The quantities most convenient for our purpose are wl, 
and w/,, These were calculated as functions of the radian frequency © and have 
a parametric dependence on 7’,, the electron temperature, (which is related with 
g,) and p/7T,, the ratio of the atmospheric pressure p to the atmospheric tem- 
perature 74. This ratio was, of course, determined by the altitude at which the 
conductivity was studied. 


1. The Lorentz case 
In the Lorentz case (designated by the superscript L), we have 


IE; wy w? 

This is a good approximation which is used even when y is not quite constant. 
In this case y(v) is usually replaced by v(v), where v is the root mean square 
velocity for the Maxwellian distribution: 


b= (= )’ (37) 


Clearly, ol? has a maximum value of 1/2 at w=v. The plot of wl? as a func- 
tion of w/v constructed in semilogarithmic coordinates, w/y=e*, is symmetrical 
relative to the maximum and has a half-width equal to a, = 1.32, where a, is 
the solution of the equation coshzm,, = 2. Hence we can conveniently compare plots 
of other forms of wl with a universal Lorentz curve whose maximum occurs at the 
point y=vy(v). On the other hand, w/,’ is a monotonically increasing function of 
w growing from 0 to 1 and also having the value 1/2 at w=y. 
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Fig.l. Variation of o/, (I) and o/, (II) with the microwave frequency for Vala 


Fig.2. Same as Fig.l but for bie 30. 
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Fig.3. Comparison of the o/¢ & o//'(I) and ol.° & o/f (II) vs w curves for V7 = 
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2. Constant mean free path 


Since the mean free path is v/v, the present simplification implies direct 


proportionality between v and »y. This case has been treated previousl 


leads to the results 


1 — r2__ Ofer" F, (— ‘ 
and re ive "8 sie ie ie de 
ol; = 3 rp/,—r?+YVu reer {1—@O(r)}], 
where 


m vw 
LS —— 
| 2kT, ) v/v? 


/ 


and FE; and @ are defined as in Jahnke & Emde (pp.1 & 24). 


y? and 


(38) 


(39) 


(40) 


- 1035 - 


I I 
wl, Wl, 
OS 10 


03 
as 
Q1 
0 0 ae 
2«109 ie 


WwW 


Fig.6. Comparison of the olf & wif (I) and olS & ol} (II) vs w curves for 
yeas = 100 and Pra = 0.5. 
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Fig.7. Comparison of the ol? & olf (I) and ol® & wl} (II) curves for the same condi- 


tions. 
3. "Realistic" collision frequency 


Assumptions 1 and 2 are not fulfilled for air at normal pressure; actually 
y(v) is very imperfectly known for small v. Graphs of Vv for oxygen and nitrogen, 
based on the data of Brode3, are given by Brown & Allis!. For oxygen, v is con- 
sistent with the constant free mean path hypothesis, but for nitrogen the vy curve 
has a strong peak at an electron energy of 2.25 ev,i.e., at v= 9°10° cm/sec. 
The approximate values of y are given by the empirical expression 
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{s000 + 13000 exp (=e (41) 


Vali 2 t0e Vela 


where v is in cm/sec, p is in mm Hg and Ta Ox, The difference between cases 
2 and 3 becomes most marked when T, is such that many electrons have velocities 
corresponding to the maximum of Eq. (41). For smaller and larger values of 7, the 
results given by cases 2 and 3 should be close. To make these two cases compar~ 
able, the value of v/y in Eq. (40) is chosen equal to 8000 p/T4 in accordance 

with Eq.(41) (outside the region of the peak). 

Computations for the "realistic" 
ee p - collision frequency case were, of 
TE wi aets00e Ae 2) ee course, carried out numerically. The 

results are shown in the accompany- 
ing figures. Figs.1-5 serve to com- 
pare o/; with wl? and wlS with ol}. 
Only the w/® curves have been plotted 
for T, = 100 and 900°K inasmuch as at 
these temperatures these curves are 
virtually identical for those for 

wl. Comparison with the Lorentz 
results is made in Figs.6 & 7, where 
the wi! curves are plotted on the 


8x10" 


6x10" 


4x10" basis of Eq.(36). Two values for Vv 
were used: v=v(v), where ? is calcu- 
lated from (37), and y=’, where w’ 
; corresponds to the maximum of ole 
2~10 or wlS. In the first instance we 


took two different values of v(v): 
for comparison with wl; we took 


Q25*10" 7 50 30 70 700 750 Vin v(v) = 8000 pit av, while for compari- 
son with w/; the value of v(v) was com- 

Fig.8. Comparison of the variations of puted from Eq.(41). An appreciable 

w’ with YT, for different instances; divergence between the curves appears 

piT a = 0-5. at the maxima of w/° and ol. The 


discrepancy decreases when the maximum 

of wl’ is deliberately shifted (as indicated by the notation "displaced" in the 
figures) to coincide with the maximum of ol? or wlf. This was done to show how 
well the structure of the wit curve near its maximum agrees with the structure of 
the less ideal curves. As will be evident from Figs.6 & 7, the Lorentz curve, 
even when appropriately shifted, may differ appreciably from the approximating 
functions. 

The curves of Fig.8 show the behavior of w’ (the value corresponding to the 
maximum in the o/, curves) varies as a function of VT, in different cases. 


Laboratory of Marine Physics, 
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LOW-FREQUENCY WAVE-LIKE EFFECTS IN GLOW-DISCHARGE PLASMA 
- L.Pekarek 


In earlier studies! we used the method of artificially induced transient 
processes with small perturbation for investigating low frequency oscillations 
associated with the movement of striations (layers) in a discharge. The results 
of these investigations showed that the existence of such Oscillations and their 
principal parameter, the frequency, are associated primarily with the properties 
of the positive column plasma. Local pulse perturbation of a homogeneous plasma 
leads to gradual appearance of a striated structure. The striations appear pro- 
gressively from the cathode to the anode, but move (in a discharge in inert gases) 
in the opposite direction. We called this unique effect striation waves. Obser- 
vations indicate that the movement of the layers is connected with the properties 
of the plasma itself. The striation motion in the end regions of the discharge 
gives rise to electric oscillations with a frequency f = v/X in the external cir- 
cuit. The velocity v of the layers and their spacing X in the case of a stria- 
tion wave are determined exclusively by the properties of the positive column 
plasma. On the other hand, in the case of "self-oscillation", when there is 
strong interaction of the individual repeating striation waves, the oscillation 
frequency may differ appreciably from the frequency characteristic of free motion 
of the striations.! This difference is due to change in velocity of the layers 
Owing to interaction of the striations. 

Thus the problem of determining the microphysical causes of this type of 
oscillations reduces to the problem of elucidating the factors responsible for 
the appearance and motion of the striations in a discharge. 

From this point of view it is, of course, of interest to carry out experi- 
mental investigation of transient processes with small perturbation in discharges 
wherein there are observed moving striations in some cases and stationary stria- 
tions in others. Klyarfel'd2 showed that in some cases one can stop the motion 
of moving layers or, on the contrary, set stationary layers in motion, by means 
of an external agency (for example a localized magnetic field). These experiments, 
however, do not yield an answer to the question of whether plasma is inherently 
characterized by stationary or moving layers. To resolve this question we carried 
out the following experiment. 

We selected discharge conditions (discharge in low pressure hydrogen) such 
that there would be no moving striations and the stationary striations were at- 
tenuated to the vanishing point in approaching the anode. We mounted a metal ring 
outside the discharge tube at a point sufficiently far from the cathode, where the 
positive column was completely uniform. As a result there appeared a new series 
of stationary striations between the ring and the anode (Fig.1). This is similar 
to the effect described by Klyarfel'd? except that in his work the stationary lay- 
ers appeared after an obstacle (probe or aperture) inside the tube. 


_Fig.1. Photograph of discharge in hydrogen. Cathode at right; R - location of 
metal ring outside discharge tube with stationary striations to the left. Tube 
diameter - 2.2 cm; p = 2 mm Hg. 
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Fig.2. Stationary striations in a discharge in hydrogen. Cathode at the right. 
Discharge current, 4.3 ma, d= 2.2 cm, Dp =_2 0 He. 
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Fig.3. Oscillograms of the 
variation of luminous inten- 
sity at different points in 
the discharge shown in Fig. 
2. Time markers = 20 micro- 
sec. 


Maintaining the same discharge conditions, 
we then applied single electric pulses to the ring 
instead of the steady hf voltage. We found that 
such pulses result in gradual appearance of stri- 
ations with delay to the side of the anode, i.e., 
to a striation wave. The striations did not remain 
stationary, however, but moved from the cathode to 
the anode. Consequently, local pulse perturbation 
produced moving rather than stationary striations. 
In other words, stationary striations are obtained 
only in the case of steady perturbation (steady hf 
voltage on the ring). 

From these experiments it may be concluded 
that inherently the plasma is characterized by 
translational motion of the striations. The im- 
mobility of the layers in the case of a steady hf 
voltage on the ring is due to the steady character 
of the perturbation acting constantly at the same 
point in the discharge. 

With a somewhat stronger discharge current 
(4.3 ma) there spontaneously appeared in the dis- 
charge stationary striations, which were sharp and 


distinct over the full length of the positive column. 


In order to compare the properties of the stationary 
striated structure with the properties of moving 
striations obtained with pulse excitation, we per- 
turbed the cathode region of the discharge with 
electric pulses and followed the propagation of the 
disturbance by means of a photomultiplier, which 
could be displaced along the length of the discharge 
tube. 

A photograph of a discharge in hydrogen with 
stationary sharp striations is reproduced in Fig.2. 


Oscillograms of the variations in luminous intensity at the different points in 
the discharge (indicated by the corresponding numerals in Fig.2) are shown in 
Fig.3. The beginning of the oscillogram corresponds to the initial moment of ap- 
plication of the perturbing pulse. It will be seen that the disturbance is propa- 
gated in the form of a short-term variation in luminous intensity in the dark and 
light regions of the individual striations down the full length of the discharge 


tube. 


As indicated, the first two oscillograms correspond to the first and sec- 


ond layers nearest the cathode. The different "polarities" of the light pulses 
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are due to the fact that the luminous intensity decreases in the light regions 
_of the striations and increases in the dark regions. Thus the pulse is trans- 
mitted with alternating sign from one region to another in complete agreement 
with the concepts of the phenomenological theory of striations proposed by the 
writer3, 
In the present case the propagation velocity of the pulse is 1400 m/sec. 
The relaxation time, calculated according to the theory3, equals 5 microsec. 
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OPENING ADDRESS 
- S.L.Mandel'shtam 


Comrades, annual conferences on spectroscopy have become a tradition with 


us; we all anxiously await the opportunity to meet and exchange information on 
our research, 

At the preceding conference - the Twelfth Conference - h 
were concerned with problems of theoretical spectroscopy; 
is devoted to applied spectroscopy: atomic 
widest sense of the work. 


In the field of atomic spectrochemical analysis one of the most important 
problems posed by modern technology is the determination of small amounts of im- 
purities. In earlier years there were developed adequate procedures for deter- 
mining impurity concentrations of the order of 10-4-10-6%, the level required in 
the atomic and certain other branches of industry. Now we are faced with the 
problem of determining concentrations of the order of 10-7-10-9% , the degree of 
accuracy required, for example, in semiconductor technology. This involves the 
search for new approaches and techniques. We shall hear a special review by 
L.V.Lipis on this important problen. 

We can note with satisfaction that in recent years there have been signifi- 
Cant advances in research on the determination of gases in metals and alloys - 

a field in which Soviet spectroscopists have pioneered. Eight reports on this 
subject are included in the conference program. We are, however, still far from 
a fully satisfactory technical solution of this important practical problem. 

Our industry has started to put out photoelectric equipment for spectrum 
analysis, in the production of which we have long lagged behind other countries. 
The importance of photoelectric techniques is a matter of common knowledge. These 
techniques and procedures speed up analysis, enhance its accuracy, make the ana- 
lytic procedure automatic, and open the possibility of eventually incorporating 
the operation into automated production. We note, for example, that in 1956, 
about 12 million analyses were carried out in the plants of an American aluminum 
~ producer: of these 92% were made by photoelectric techniques, 5% by conventional 
photographic spectroscopy and only 3% by chemical methods. Fourteen reports on 
photoelectric methods of analysis will be presented at our conference. However, 
we still have many serious problems to solve in this field, both as regards de- 
sign of equipment and development of analytic techniques. In connection with the 
use of the new photoelectric instruments, we must take steps to automate the 
operation of preparing the samples, making readings, preparing and checking work- 
ing curves, and so on, making the widest possible use of the potentialities of 
electronics to this end. 

We lag at present in the development of photoelectric x-ray spectroscopic 
- methods of analysis; yet there can be no doubt that they are very important for 
bi the determination of very high concentrations. Unfortunately, we could include 
in the program only one survey lecture (by I.B.Borovskii) on the topic. 

A large number of reports to be presented at the conference is devoted to 
further development of tried and proved methods of analysis, namely, analysis of 
powder samples, rare and dispersed elements, etc. 

Lastly, we have a large group of reports devoted to the physical bases of 
spectrum analysis. We can safely assert that this field of scientific research 
is developing satisfactorily. 

; We can by now speak with legitimate pride of atomic spectrum analysis as a 
fully mature, independent scientific discipline that is firmly based on one 
ly developed theory, has at its disposal diverse experimental techniques and is 
regularly and consistently employed in practice. 


eld a year ago, we 
the present conference 
and molecular spectrum analysis in the 
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The situation is different when it comes to molecular spectrum analysis. 

Our program includes many reports devoted to the theory of molecular spectrum 
analysis and the use of vibrational - infrared and Raman - spectra as well as 
of electronic spectra for analytic purposes. Some interesting and important 
problems have been solved, but actually serious work in this direction is only 
beginning. 

Whereas in the field of atomic spectrum analysis we have what may be termed 
a continuous research front, that is, we have techniques and procedures that al- 
low of solving almost all important practical problems, in the field of molecu- 
lar spectrum analysis we possess so far solutions for only a few particular prob- 
lems. In view of the fact that the scope of molecular spectroscopy is immeasur- 
ably greater than the scope of atomic spectroscopy, we must now turn our most 
serious attention to the development of molecular spectroscopy methods. The prob- 
lems facing us here are serious and urgent. For example, the chemical industry, 
which is about to undergo great expansion, must be provided with spectroscopic 
methods of inspection and production control. 

From the standpoint of techniques, the problems facing us are for the most 
part not easy; to characterize them we have included in the conference program 
three large surveys by V.M.Chulanovskii, P.A,Bazhulina & M.M.Sushchinskii and 
B.S. Neporent. 

Molecular spectroscopy, in addition to continuing with the "classical meth- 
ods" referred to above, is now turning to new procedures. In the last few years 
there have been extensive developments in the USSR in the fields of electronic 
nuclear and paramagnetic resonance; some of the results already obtained appear 
to be highly promising and may prove useful for purely analytic purposes. We 
shall hear ten reports devoted to problems in this field. 

Very sensitive are the methods of luminescence analysis, which also hold 
great promise. These methods are being developed by F.D.Klement, E.V.Shpol'skii, 
A.F.Prikhot'ko and their co-workers. This observation also applies to spectral- 
polarization methods, which will be described in a report by P.P.Feofilov. In- 
teresting prospects for spectroscopists are being opened in the fields of bio- 
chemistry and biology and, I fear that the report of L.A.Tumerman on these ques- 
tions may turn us from our "righteous" physical path to this new and intriguing 
road. 

For a long time a serious obstacle to the development of molecular spectro- 
scopy was the lack of suitable equipment. The situation has now changed: our 
industry has developed very good new instruments for molecular analysis, namely, 
the IKS-4, SF-1 and DFS-12, and I trust that this field of spectroscopy will now 
move forward at a rapid rate. 

Since the last conference, our contacts with spectroscopists abroad have ex- 
panded and improved. The achievements of Soviet spectroscopy were presented at 
the International Fair at Brussels. Soviet spectroscopists participated in inter- 
national and national meetings in the Chinese Peoples Republic, the German Demo- 
cratic Republic and the United States, familiarized themselves with the work of 
spectroscopic laboratories in a number of countries and became members of differ- 
ent international commissions. Soviet spectroscopists had the honor of receiving 
the Joint Commission on Spectroscopy and many foreign scientists. I am pleased 
to note that guests from a number of socialist countries are participating in our 
work and I take this opportunity to welcome then. 

In the year that has passed since our last conference we have suffered a 
number of grievous losses: death has claimed S.A.Borovik, member of the Commis- 
sion on Spectroscopy from the day of its founding and faithful participant in 
our conferences, I.A,Shoshin, member of our commission, who contributed so much 
to the development of spectroscopic instrument building, and recently, V.S. 
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»Miliyanchuk, who so hospitabl 


y welcomed the participants of the Tenth Conference 
on Spectroscopy in L'vov. 


We shall long honor the menor 
ences and contributed greatly to t 
in honor of our late colleagues. 


y of G. S. Landsberg 


» who initiated our confer- 
heir success. 


I request all present to stand 


* * * 


I hereby declare the Twelfth Co 


nference on Spectroscopy open and wish all 
participants success in their work, 
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DETERMINATION OF ATOMIC CONCENTRATIONS IN ARC DISCHARGE PLASMA FROM THE LINE 
WIDTHS AND CORRELATION BETWEEN CONCENTRATIONS IN THE SOLID AND GASEOUS PHASES 
- I.M.Nagibina 


One of the principal problems in the theory of quantitative spectrum analy- 
sis is that of the relation between the concentration of the determined element 
in the sample and the concentration of atoms or ions in the gas cloud of the dis- 
charge. The direct and natural approach to this problem consists in measuring 
the particle concentration in the discharge cloud. 

Measurements of the atomic concentration in an arc discharge between carbon 
electrodes were recently made by Mel'chenko! by the procedure proposed sometime 
ago by Prilezhaeva & Goryachev2, In these measurements, however, the arc dis- 
charge was assumed to be a uniformly excited light source. 

In the present report we give the results of measurements of some average 
atomic-ionic concentrations in the cloud of an ac arc taking into account the 
degree of inhomogeneity of the source, i.e., the nonuniformity in the distribu- 
tion of excited and unexcited atoms over the discharge cross section. (The meth- 
od of determining the degree of homogeneity is described in Refs.3 & 4.) 

The method of determining the concentration of atoms or ions that was util- 
ized in the present work is based essentially on the effect of absorption in the 
arc discharge model proposed by Cowan & Dieke®. According to this model, the 
fundamental parameter determining the concentration at a known degree of homo- 
geneity of the source® is the ratio u/S, where u is the line width in the pres~- 
ence of absorption, and 5 is the line width for an infinitely thin layer. 

At a sufficiently high particle density, self-reversal is observed in a non- 
uniformly excited light source. In this case the concentration can be determined 
from the value of 


Imax 


log Io 
where Imax is the intensity at the maximum of the self-reversed contour, and I, 
is the intensity at the center. 
The theoretical dependences of u/5 and log (Imax/Io) on the self-absorption 
parameter p can be calculated. In turn, the parameter p is related to the con- 
centration of unexcited atoms: 


2mcd 
{N= p, (1) 


where / is the oscillator strength, N is the mean atomic concentration (per em) 
m, c and e are known constants, and / is the length (thickness) of the source. : 

Thus the experimental problem consists in measuring either u/S or log 
(Imax/Io) and then determining p from the theoretical dependences. Then by means 
of (1) we can calculate N and juxtapose the resultant values with the concentra- 
tion C of the element in the sample.* 

In our study, using a Fabry-Perot etalon crossed with an ISP-22 spectrograph 
we measured the width of the investigated lines in the discharge for different 
concentrations of the element in the sample. The measurement procedure is de- 
scribed in Ref.6. First, with successive decrease of the initial concentrations 
in the sample, we determined 8, and then with increasing concentrations at the 
electrode measured the line width w. The samples were water solutions of metal- 
lic salts. The solutions were applied to the flat end face of a carbon electrode 
treated beforehand with a solution of polystyrene in benzene, and dried. Speci- : 

*The described method was utilized by Dvornikova’ for plotting "growth curves" 
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Fig.1. Correlation between the concen- 
trations of manganese (I) and calcium 
(II) atoms in the sample and in the 
discharge cloud. 


Fig.2. Correlation between the concen- 
trations of manganese atoms in the sample 
and in the discharge cloud: I - calculat- 
fically, we investigated the lines of ed on the basis of u/S; II - calculated 
manganese, calcium and magnesium atoms from log (Imax/Io)- 

and calcium ions. 

The measurements yielded a direct proportionality (for the investigated 
lines) between the concentrations of the atoms and ions in the discharge cloud 
and in the investigated solution (Figs.1 & 2). This linear dependence character- 
izes the entry of the material into the discharge with the given method of intro- 
ducing the sample solution. 

The plots show that the utilized procedure is suitable for the determination 
of relatively low concentrations (10-12 cm-3) and at the same time allows of car- 
rying out measurements in a wide concentration interval (the concentration mea- 
surements for Mn I 2798 A (Fig.1) were made successively with reference to absorp- 
tion and to the self-reversed contours). 

In the second part of the study we measured the entry of two different ele- 
ments into the discharge cloud. To this end we used solutions of the salts of Mg 
and Ca, elements which are similar as regards both chemical properties and degree 
of ionization. The ratio of the numbers of atoms of the two elements was rigor- 
ously checked. We prepared water solutions with different concentrations of Mg 
and Ca, but with the same atomic ratios. The Cug/Cca ratio equalled 1.70. The 
difficulty of the experiment lay in the necessity of selecting such a concentra- 
tion of Mg and Ca atoms in the discharge that the contours of the investigated 
Mg I 2852 A and Ca I 4227 A lines would be simultaneously deformed owing to ab- 
sorption. Clearly, it was also necessary to determine 5 for both lines. Then, 
as follows from Eq. (1) 

Ng es Pe? el ca Moa 
Noa ia Pca®ca fug’Me 


(2) 


In these experiments we used two alternate methods of introducing the solu- 
tion: 

1) application of a drop of the solution to the flat tip of the electrode 
(i.e., as described above), and 

2) spreading of a thin layer of the solution over the surface of a metal 
plate (with subsequent drying). 

The copper plate served as the lower electrode and was moved continuously 
relative to the stationary copper electrode during the discharge. 

Table 1 presents the results of measurement of the atomic concentrations of 
Mg and Ca and their ratio in the discharge cloud in the case of copper plate elec- 
trodes. The measurement results in the case of carbon electrodes are shown in 
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Table 2. In both cases the measurements were 
carried out with a concentration C = 2.5% in the 
solution (a number of measurements were also made 
with C = 5% in the case of the carbon electrodes). 
As will be evident from the listed data, the 
amount of material entering the discharge differs 
substantially with the two different introduction 
procedures. At equal concentrations (2.5%) in 
the solution a larger number of atoms enters the 
discharge in the case of carbon electrodes. The 
coefficient of "utilization" of the sample is al- 
so higher in the case of carbon electrodes, and 
consequently, the sensitivity of determination 


Table 1* 
ho JN 5, A “ (=) D | Nach 
5 
Mel 2852 | 0,044 |1 ,36)1, 40/0, 06 Bh aukoe 
1,40 
1,33 
1 GA 
Cal 4227 |0,043 |1,79/4 ,62/0, 98} 2,2-10!2 
1,54 
ts Can= 2,9%; Cure / Coa = 4 0 
Nug! Noa= AR Gs 
Table 2* 
° 4 iE I Nm 
Cn % max max ne g 
es IN & A am % le Spam? | N, cm | Noa 
0,04 
D5) (OA |r Ba ksi 13,1-10!2 1) A 
0,04 
Mel 2852 0,044 
0,09 
5 0,18 0,14} 4,4 22,9-10}2 1,9 
0,12 
OnA7 
ORO 
2,0 0,10 uA || eee 9,5-1012 a 
0,18 
Cal 4227 0,043 ORES 
0,24 
5 0,24 Oe) |) ish 12,4-1012 -- 
0,16 
(0), 2153 


* Cup / Cog = 1.70. 
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in this case must also be 
higher. It will be evi- 
dent from the tabulated 
data that there obtain in 
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DISTINCTIVE CHARACTERISTICS OF ARC DISCHARGES IN DIFFERENT GASES 


- V.L.Marzuvanov 


Table 1 Although it is a familiar fact 
Arc parameters in different atmospheres that changes in the composition of the 
Anode Time of gas in which an arc discharge takes 
Gas evaporation place lead to appreciable changes in 
of 20 mg its energy and spectral properties of 
ee Si05, sec the discharge!-4, these properties 
Air 110 have not been adequately studied where 
Argon 900 a number of gases are concerned. 
Helium ae In the present work we investigated 
Chlorine 900 the characteristics (power, radiation 
Carbon spectrum, electrode temperature, rate 
dioxide 130 of evaporation of elements from the 


*The anode temperature was measured 
by means of an optical pyrometer at a 
distance of 2 mm from the electrode tip. 


electrodes, etc.) of arc discharges in 
helium, argon, air, nitrogen, chlorine 
and carbon dioxide. 

We employed the discharge tube 


assembly described in Ref.5. The spec- 

tra were photographed on ISP-28 and ISP-51 spectrographs with an UF-84 camera. 
With a view to investigating radiation from different parts of the discharge, en- 
larged images of sections of the arc (in both the horizontal and vertical position) 
were focused on the spectrograph slit. The arc power was measured by means of a 
precision wattmeter. The current in all cases was 9 amp; the arc gap 4 mm. 

Discharges in argon and helium* are distinguished by appreciably lower power 
of the arc between carbon electrodes as compared with discharges in air (Table l). 
The arc power in going from air to argon is reduced by a factor of almost 3,which 
leads to lowering of the electrode temperature and decrease in the rate of evapo- 
ration of material from the crater. The power consumption is higher in helium 


~ than in argon, presumably due to the higher heat conductivity of helium. 


The emission spectrum of a carbon arc (solid electrodes) in argon or helium 
consists of the lines of the given gas and the lines of carbon. The most charac- 
teristic lines are listed in Table 2. The spark lines of helium were not observed 
in the wavelength range from 2500 to 7000 A. The arc lines of argon are emitted 
from all parts of the discharge, while the He I, A II, C II and C III lines are 
emitted primarily from the region at the cathode. 

Photographs of parts of the arc spectra in argon and helium are reproduced 

in the accom- 


Table 2 panying figure. 
Spectrum lines excited in argon and helium These photographs 
Excitation illustrate the 
Wavelength, A| potential, Remarks distribution of 


radiation both 
along the arc 
column and across 
the section of 


Intense line, emitted from all parts 
of the discharge 


Wed. S115..31 


; : = Peace. Excited-at, the cathode the arc close to 

He I 5875.62 Intense line near the cathode the cathode. 
He I 4921.93 Very weak line excited at the cathode ~-------~------- 

© II 6578.03 In argon only at the cathode; in *Our helium 
CC II 4267.27 helium over the full length of the contained 1% 

C II 2746.5 arc but with a great increase in hydrogen. 


C III 2296.89 intensity at the cathode 
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wee BI91,0 Ar] 14,83 


a) 


b) 


el 


& el (oue 
210. 


- S8R8,8 NO 
895,9 Nal 


= 3806, 


He 


Intensity distribution of spectrum lines with a) arc parallel to slit and b) arc 
perpendicular to slit (section of arc at cathode projected on the slit). 


The power of the arc in chlorine is appreciably lower than in air (Table l). 
The electrode temperature is also lower, but owing to formation of volatile chlo- 
rides, there occurs intense evaporation of most elements including comparatively 
nonvolatile ones. The spectrum contains the arc and spark lines of chlorine and 
the elements composing the electrode. As in inert gases, the lines of chlorine, 
iodine and carbon ions are emitted only from the region at the cathode. A dis- 
tinctive feature of arc discharges in chlorine is the weak dependence of the rela- 
tive intensity of spark and arc lines of elements (V, Ti, Ca, Ba and others) evapo- 
rated from the electrode on the composition of the sample. Thus, for example, in 


| 
the case of introduction of KCl into an arc between pure carbon electrodes 


Cu lines proved to be virtually constant. 


=21053 7 


_ TY 112677,8_ 


Loe Trin, Changes by 1.74 in air, while in Clg the change is only 0.18. The 


temperature in the central portion of the arc column evaluated from observation of 


3 Thus use of a chlorine atmosphere mini- 
mizes the influence of the composition of the Sample and thus makes it possible to 
enhance the accuracy of determination. 

The characteristics of arc discharges in No and COy are similar to those of 
arcs in air. The spectra consists primarily of the lines of the elements evapo- 
rated from the electrode. The lines of the gases themselves are not observed in 
the spectrum, except for the most intense lines of oxygen with excitation poten- 
tials to 10.98 ev. The lines of ionized carbon also do not appear. This indicates 
that the temperature in the region at the cathode is substantially lower than in 
arc discharges in other gases. 


The different characteristics (power, temperature distribution over the cross 


_ section and so on) of arc discharges in different gases may be explained by differ- 


ences in the mechanism and intensity of heat exchange between the arc column and 
the surrounding medium. The arc power in inert gases increases in going from 
heavier to lighter gases. In polyatomic gases dissociation of the molecules plays 
a significant role in the removal of energy. This is the reason for the high pow- 
er of arcs in nitrogen, carbon dioxide and air. In hydrogen, which combines a 
high heat conductivity with molecular dissociation, there is particularly intense 
energy transport, so that in hydrogen stable burning is attained only at high val- 
ues of the current. 

At the same time the atoms of the gaseous medium participate in the process 
of current flow through the arc gap, as is evinced by the spectral composition of 
the radiation: excitation of the lines of neutral atoms of the gas with excitation 
energies close to their ionization potential and the appearance of intense spark 
lines in the spectrum. The contribution of the gas to the arc conductance increas- 
es with decrease of its ionization potential. 

Thus, the atmosphere in which the discharge takes place affects the charac- 
teristics of the discharge both directly by participating in the current flow and 
through its influence on the energy transport processes. 

Knowing the characteristics of arc discharges in different gases, one can 
make a suitable choice of medium for the purposes of spectroscopic analysis and 
realize discharges with desired properties. Specifically, for example, by using 
a carbon dioxide atmosphere one can suppress the lines of cyanogen, which inter- 
fere with determination of a number of elements and, at the same time, retain the 
advantages of arc discharges in air.° By using an atmosphere of chlorine, one 
can minimize the influence of the composition of the sample on the relative in- 
tensity of the spectrum lines and thus enhance the analytic accuracy. An argon 
atmosphere makes it possible to increase the sensitivity in spectroscopic deter- 


mination of volatile elements that are difficult to excite. 


Of great potential interest and value is the use of mixtures of gases by 


means of which it should be feasible to realize different conditions of evapora- 


tion and excitation appropriate to the specific analytic problen. 
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ATLAS OF SPECTRUM LINES FOR HIGH-DISPERSION GRATING SPECTROGRAPHS 
- §,K.Kalinin, V.L.Marzuvanov, E,E,Fain, G.M. Zamyatina, V.N. Perevertun — 
& S,L.Terekhovich : 
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At present our instrument industry has started batch production of high-dis- 

persion diffraction grating spectrographs. The introduction of these instruments 
opens the way to different spectroscopic investigations including spectrochemical 
analysis of ores, minerals, alloys, etc. The possibilities offered by the new 
instruments are not fully exploited, however, owing to the lack of tables, atlases 
and handbooks adopted to work with these instruments. 

Earlier atlasesl-3 compiled for prism spectrographs cannot satisfy the re- 
quirements of specialists working with the new diffraction spectrograph. In view 
of this, this year we began work on an atlas intended for use in conjunction with 
instruments of this type. The atlas consists of plates, tables and text. Each 
plate represents a 66 A section of the iron spectrum over a wavelength scale gradu- 
ated ini & divisions. Above the iron spectrum there are indicated the positions 
of characteristic lines; at each line, in addition to the element symbol, there is 
given the wavelength, the intensity in arbitrary units and the usual indication as 
to whether it belongs to the spectrum of neutral or ionized atoms. 

The iron spectrum was photographed on a DFS-3 spectrograph with a 600 lines/mm 
grating (dispersion 4 A/mm) . The photographs were enlarged 20 X in accord with the 
standard magnification of spectrum projectors. The chosen 4 A/mm dispersion meets 
the usual requirements of analytic practice. The atlas can easily be adopted to 
work with diffraction instruments having other plate factors. 

In view of the large volume of the atlas the length of the plates has been in- 
creased to 370 mm. Plates of this size fit the standard projector table. The to- 
tal length of the iron spectrum in the reproduced form equals approximately 25 met- 
ers. 

All told, the atlas shows approximately 7000 lines of 85 elements. Most of 
the arc lines of the rock forming elements, Si, Ca, Mg, Al, K & Na, the principal 
elements forming nonferrous alloys (Cu, Pb, Sn & Zn), and the elements with compara- 
tively few lines in their spectra are included in the atlas. For the other elements 
there are given only some of the more intense lines, useful for analysis. The 
plates also show the most intense lines of N, O, H, S, F, Cl, Br, I, He, Ne, A, 

Kr and Xe excited in a carbon are. In addition there are indicated the edges of 
a characteristic bands of CN, CaF, CaO, Al10, IO and LaO. 

The line intensities were evaluated in a 12-point scale. The spectrum lines 
appearing at concentrations of the element equal to ~10% or more are identified by 
the figure 1; those appearing at concentrations under 0.0001% by the figure 12. 

In the 1 to 9 interval this scale agrees with the conventional 10-point scalel-3 
and, at the same time, makes it possible to evaluate the intensity of the lines ap- 
pearing at very low concentrations (<0.001%). These changes from the usual prac- 
tice were deemed desirable in view of the higher analytic sensitivity attainable 
with the DFS-3. 

The text, in addition to tables listing the important characteristics of the 
spectrum lines, includes practical recommendations for spectrochemical analysis. 


Institute of Nuclear Physics, 
‘Academy of Sciences of the Kazakh SSR 
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ENTRY OF MATTER INTO ARC PLASMA. CASE OF BINARY Na + Li MIXTURES 
- V.P.Zakharov & A.A. Shishlovskii 


The most straight-forward method of determining the concentration of atoms 
in arc plasma is that of Rozhdestvenskii's "hooks".1,2 We used this method for 
determining the concentration of atoms in an ac arc burning at atmospheric pres- 
sure, one of the most common spectroscopic sources (DG-1 source unit). We also 
used this procedure for investigating the influence of the composition of the 
sample on the rate of entry of the material into the plasma of a de arc. 

The experimental set-up consisted of a Rozhdestvenskii IT-23 interferometer 
crossed with an ISP-67 spectrograph. The investigated elements - Na and Li - 
were introduced in the form of mixtures of NaCl, NagC03, and LigCO3 with carbon 
packed into the hollow of one of the carbon electrodes. This electrode served 
as the anode in the dc arc. The measurements were carried out with reference to 
the yellow Na doublet and the red Li 6708 A line. Typical photographs of the 
"hooks" obtained with a 1500 mm focal length camera are reproduced in Fig.l. 

The data on the entry of material into an ac 
arc were compared with the data for a de arc under 
the same experimental conditions (content of the 
given element in the sample, current strength and 
interelectrode gap). The entry of Na atoms proved 
to be 1.33 and of Li atoms, 1.41 times greater 
into a de arc as compared with an ac arc. This 
is connected with the power dissipated in the arcs., 
For equal values of the power (current strength) 
the rates of entry in both cases proved to be 
Fig.1. Photographs of "hooks": identical. 

a) yellow Na doublet, b) Li For the purpose of elucidating the mutual 
6708 A line. influence of the two elements, we measured the 
entry of Na and Li atoms into a de are with vari- 
ation in the concentration of one component in the sample and with variation of 
the relative content of both components. In the first case (Fig.2), the number 
of Na atoms in the discharge gap is virtually independent of the Li content in 
the sample (the concentration of Li atoms in the discharge gap increases in pro- 
portion to the content of the Li salt in the sample). 
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Fig.2. Variation of entry of Na and Li atoms into a de are with the content of 
the Li salt in the sample. 
Fig.3. Variation of the entry of Na and Li atoms with the relative content of 
the Na and Li salts in the sample. 
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In the second case (Fig.3), the concentration of the given element in the 
discharge gap increases monotonically with increase in the relative content of 
this element in the sample, except for the 25 to 40% Na atom concentration range, 
where the dependence appears to be anomalous. 

In both cases the concentration of Na atoms i 
than the concentration of Li atoms for equal concentrations of the respective 
salts in the sample. The ratio of the number of Na atoms in the are when the 
sample contains only Na salt to the number of Li atoms in the arc when the sample 
contains only Li salt is 2.5; the Na to Li ratio is 3-4 for samples containing 
large amounts of both salts. This disparity can be explained by the difference 
between the diffusion coefficients of Na and Li and also by the dependence of 
the rate of entry of a given element on the melting point of the salt packed into 
the electrode (we used carbonates). 

Further, we investigated the entry of Na and Li atoms introduced in the form 
of the respective carbonates as a function of the melting point of the second, 
diluting component - Li, Na and K carbonates. If we use a certain average value 
t for the melting point of the mixture, we find that the entry of both Na and Li 
decreases with increase of t. 

When we used the carbonate of the bivalent element Ca (instead of monovalent 
Li) as the substituent (diluting) component, the entry of Na into the discharge 
gap was reduced by half (as compared with the binary Li-Na system), although the 
melting point of CaCO3z is close to the melting point of LigCO3. Apparently, the 
valence of the metal involved influences the processes occurring in the arc and, 
specifically, the entry of the electrode matter into the discharge gap. 

At present we are unable to explain the anomalous character of the curves 
in Fig.3. 

It must be emphasized that in work of this kind one must be very careful 
in analyzing the photographs inasmuch as there occurs the very interesting effect 
of pronounced asymmetry in the position of the "hooks": the "hook" at the weak 
line of the Na doublet is located further from the line than the "hook" at the 
strong line. This is particularly noticeable in investigating the peripheral 
part of the discharge zone. We are now investigating the nature of this effect. 


n the discharge gap is higher 
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ENTRY OF SILICON BRASS INTO AN AC ARC 
- N.K.Rudnevskii, G.I,Golitsyn & V.P.Rybochkin 


It is a familiar factl-3 that in analysis of silicon brass in an ac arc the 
silicon exerts a strong influence on the relative intensity of the Zn and Pb 
lines. Diverse measures have been proposed2-6 to allow for or suppress this in- 
fluence. Actually, however, the nature of the influence of Si on the intensity 
of Zn spectrum lines in analysis of brasses has not been adequately studied. Un- 
til now there have been no data on the entry of the alloy materials into the arc 
cloud. Such data are essential for clarifying the mechanism of the influence of 


"third" elements’. 
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Fig.l. Fig.2. 
Fig.l. a) Variation of Pz, with the Zn concentration in the alloy: I - alloys with 
1.2-1.3% Si, II - alloys with 2-2.1% Si, III - alloys with 2.6-3.1% Si, IV - al- 
loys with 4.3-5.1% Si; b) variation of log Pz, with the silicon concentration in 
the alloy: I - alloys with 10-12% Zn, II - alloys with 15-17% Zn, III - alloys 
with 19-21% Zn. 

Fig.2. a) Variation of Pzn/Pou with Cz,/Ccy; b) variation of log R for 

the Zn 3075.9 - Cu 2492.15 A line pair with the reduced zinc concentra- 

tion, i.e., with log (Czn/Ccq,); ¢c) same but for the Zn 3072.0 - Cu 

3146.8 A line pair. 


In the present work we investigated the entry of Zn and Cu into the cloud 
of the discharge. The results are compared with the spectroscopic data. Alloys 
Nos.4, 8 and 12 contained 10.7 to 20.5% Zn and 4.7 to 5.1% Si; alloys Nos.3 & ll 
contained 12.5 to 21.1% Zn and 2.7 to 3.1% Si; Nos.2,6 & 10 contained 10.5 to 
20.7% Zn and 2.0% Si, Nos.1,5 & 9 contained 10.3 to 19.3% Zn and 1.2-1.3% Si. 
(The points in the figures are numbered in accord with the alloy Nos.) In addi- 
tion, all the alloys contained from 0.3 to 0.9% Pb. The arc discharge was excited 
by means of a PS-39 arc unit (I = 6 amp, d = 2 mm). The electrodes were in the 
form of 9 mm diameter, 12 cm long rods terminating in a truncated cone with a 2 
mm diameter flat. 

The entry of Zn and Cu into the gas cloud of the are was investigated earlier 
by the procedure described in Refs.8 & 9. The vapor products were collected over 


a period of 20 sec, then transferred into solution, which was then analyzed by 
electrolysis for the Zn and Cu content. 
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The value of Pyn, which 
characterizes the entry of zinc 


on 10g f into the arc, depends in a com- 
a re" plex manner on Czy, and Cgyj (the 
Z g ou Zinc and silicon concentrations 
qi tag £22 in the samples) (Fig.1). 
“U7 GI, Poy Further, we determined the 
Z0gR M2 


values of Pgy/Pcy, which charac- 
terized the ratio of the numbers 
of Zn and Cu atoms in the arc 

cloud. The variation of Pzn/Pou 


OOF “29 10g Fin ve “aF Tog Pin as a function of the reduced 
Peu Peu zinc concentration CZn/Coy in 


aa the alloy is shown in Fig.2,a, 
Fig.3. Variation of log R with log (Pzn/Poy): from which it will be evident 
I - for the Zn 3072.0 - Cu 3146.8 A line pair, that the Zn concentration in the 


II - for the Zn 3075.9 = Cu 2492.15 A line gas cloud is greater than the Zn 
pair, III - for the Zn 3075.9 - Cu 3093.99 A concentration in the correspond- 
line pair. ing alloys. Introduction of sili- 


con into Cu-Zn alloys leads to 

enrichment of the arc cloud in zinc; this is the principal factor responsible for 
the shift of the log R vs log C curves for determination of Zn in silicon brass. 

We also detected a certain degree of irregularity in the entry of the alloy 
material; this is particularly noticeable for alloys containing 15 to 20% Zn. 
The rate of entry of the material of these alloys into the arc cloud increases 
appreciably with increasing Si concentration. In the case of nonuniform entry, 
one may expect the shift of the curves plotted in the usual coordinates to depend 
also on the degree of reabsorption of the analytic Zn and Cu lines. The role of 
the last factor was checked by determining the displacements of curves plotted in 
terms of log R vs log (Czn/Cc,) for a number of line pairs characterizing differ- 
ent degrees of reabsorption (Fig.2,b & c). As will be evident from the figure, 
the shifts and slopes of these curves are different. One cannot wholly eliminate 
displacement of the curves by selection of the line pairs. However, if we ex- 
press the variation of log R for the investigated line pairs as a function of 
log (Pzn/Poy) » the curves for each line pair tend to merge into a single straight 
line (Fig.3). 

The linear variation of log R with log (Pzy/Pcy) shows that the values of 
Pzn/Poy, determined by the procedure outlined in Ref.9, can serve to characterize 
the relative concentrations of Zn and Cu atoms in the arc cloud. 


Scientific Research Institute of Chemistry at 
Gorki State University 
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ENTRY OF LEAD BRASS INTO AN AC ARC 
- N.K.Rudnevskii & E.S,Obukhova 


It is known that zinc exerts a substantial influence on the intensity of the 
Pb lines in analysis of lead brasses in an ac arc. Earlier! it was shown that 
change in the concentration of "third'’ elements may lead to uneven entry of the 
sample material into the arc cloud, i.e., to an appreciable change in the rela- 
tive concentration of the determined element in the gas cloud and some change in 
the cloud temperature. For the purpose of clarifying the influence of the first 
two factors in spectrum analysis of lead brasses, we undertook an investigation 
of the entry of the sample components into the arc cloud, using the procedure de- 
scribed earlier3. 

We investigated alloys containing from 9 to 40% zinc and from 0.4 to 2.2% 
lead. The ac arc was supplied by a DG-l arc unit; current - 4 amp; gap - 1.9 mm; 
electrodes - carbon with truncated cone tips. Vapor samples were drawn from the 
arc cloud for a period of 35 sec without preliminary arcing of the electrodes. 
The vapor sampling operation was repeated 20 to 50 times. The collected vapor 
products were dissolved in dilute nitric acid and then the Cu, Zn and Pb contents 
in the solution were determined by electrolysis. 

The experimental results show that the rate of entry of lead brass into the 
arc cloud depends on the amounts of Zn and Pb in the alloy. Thus with increase 
of the Zn concentration from 9 to 40% (Pb concentration constant at 1.7%), the 
rate of entry of the alloy material into the cloud increases by a factor of four. 
For the same change in the concentration of Zn in simple Cu-Zn brasses, the rate 
of entry of the material increases by only a factor of two. Change in the Pb 
concentration from 0.4 to 2.2% at a constant Zn concentration of 40% leads to an 
increase in the rate of entry by a factor of two. The magnitude of the parameter 
P, characterizing the rate of entry of lead into the arc cloud depends not only 

Pray: on the concentration of Pb in the alloy but also on the 
eee oy zn concentration. This dependence, as will be evident 

} from Fig.1, is described by the relation 

P= pp + bCzn- 

The factor Q@ can be determined from the slope of 
the P = f(Cpp) curve plotted for alloys with a constant 
Zn content. The factor b can be found from the slope 
of the P = f(Cz,) curve plotted for alloys with a con- 
stant Pb content. 

Analysis of the vapor samples indicates that the 
arc cloud is enriched in Zn and Pb, i.e., that the 
concentrations of these elements in the cloud are high- 
Fig.1. Variation of P er than their concentrations in the alloys. The intro- 
with the Pb and Zn con- duction of Pb into the brass tends to lower the Zn con- 
centration in lead brass; centration in the are cloud. 

I) P= f (pp + bCzy) > Thus variation in the Zn and Pb concentration in 
II) P = f(Cpp). the brass is accompanied by uneven entry of the sample 
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Fig.2. Variation of the 
relative intensity of 
Pb lines (log R) with 


the atomic concentration 


of Pb in lead brasses 
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arc cloud, they do fall on a straight line (Fig.3). 
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Fig.3. Variation of log 
R with log (Npp/Noy) 
characterizing the ratio 
of Pb to Cu atoms in the 
arc cloud: I) Pb I 


2873.32 - Cu I 3093.99 A; 


EE) EPbely 2875932! -scust 
2492.15 A. 


material into the arc. At 
the same time there occurs 
an appreciable change in the 
concentration of the alloy 
components in the cloud. As 
a result, the experimental 
points for Pb do not fall 
on a straight line plotted 
in log R vs log (Npp/Noy) 
coordinates, where Npp/Ncy 
is the ratio of Pb to Cu 
atoms in the sample (Fig. 2). 
It must be noted that use 
of the Pb 2873.32 - Cu 
3093.99 A line pair results 
in a smaller scatter of the 
experimental points (curve 
I) than use of the Pb 
2873.32 - Cu 2492.15 A pair 
(curve II), which can be ex- 
plained! by the different 
degrees of reabsorption of 
the Cu 3093.99 A and Cu 
2492.15 A lines. 

When, however, the ex- 


perimental points are plotted in the form of log R vs 
log (Npp/Ncy), where Npp/Ncy is the ratio of the numbers Pb and Cu atoms in the 
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CORRELATION BETWEEN THE COMPOSITIONS OF THE SOLID AND VAPOR PHASES 
IN SPECTROSCOPIC ANALYSIS OF IRON ALLOYS 
- 0.I.Nikitina, M.G.Sklyar, A.E,Gorevaya & N.K. Ivanova 


In the present work we investigated the relation between the composition of 
the solid sample and the chemical composition of the vapor in the discharge cloud. 

Samples of the binary alloys Fe-Cr, Fe-Mn, Fe-Si, Fe-W and Fe-C and of the 
ternary alloy Fe-Cr-C were prepared by adding ferroalloys of the enumerated ele- 
ments to commercially pure iron. The electrodes were two 15 mm diameter rods of 
the test alloy, checked beforehand for uniform distribution of the elements. The 
analyses were carried out under the conventional arc and spark conditions as pro- 
vided by the DG-1 and IG-2 are and spark units. 

The spectra were photographed on an ISP=-22 spectrograph; at the same time 
the vapor products were collected in a glass vessel which communicated with the 
atmosphere, except in the case of the Fe-C alloys, when the collecting chamber 
was isolated from the atmosphere and filled with oxygen. Before recording the 
are spectra the electrodes were sparked outside the collecting chamber for an ap- 
propriate period. The exposure time for the arc and spark spectra was the same. 

To provide for an accumulation of vaporization products in an amount suffi- 
cient for analysis the spark spectra were recorded ten times. The electrodes 
were re-pointed before each recording. Three complete series of are and spark 
vaporization tests were run for each alloy. The weight of the evaporation pro- 
ducts deposited on the walls of the collecting vessel was determined to within 
0.0001 g by weighing on an analytic balance. The concentration of elements in 
the deposits were determined by photocalori- 
metric and volumetric procedures. 

For all the investigated alloys there 
were obtained rectilinear working curves over 
the entire chosen range of concentrations 
for both the spark and arc analyses. The 
only exception was the are curve for deter- 
mining Mn; this working curve has a bend at 
12% Mn (the concentration sensitivity in- 
creases). 

On the basis of the spark spectra of 
the binary alloys we plotted the variation 
of the absolute line intensity of the alloy- 
ing elements with the amount of material go- 
ing into the vapor phase (Fig.1). For all 
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0 Qt a? amg the investigated elements the spark line in- | 

Fig.l. Variation of the line in- tensity increases in direct proportion to 

tensity of the alloying elements the increase in the amount of the given ele- 

with the quantity (by weight) ment in the vapor phase. The amount of 

present in the deposit. IG-2 material evaporated in an arc is approximate- 

source spark. ly one order of magnitude greater than in the 
spark. 


We investigated the dependence of the rate of evaporation of the elements 
on their concentration in the solid phase (we analyzed the condensates on the : 
walls of the collecting vessel). It was found that the regularities character- 
izing the evaporation in a spark discharge are qualitatively the same for the 
Fe-Mn, Fe-W, Fe-Cr, Fe-Cr-C and Fe-Si systems. 

As a rule, in the range of low concentrations of the alloyin 
weight of iron evaporated from the sample per unit time increseay teaeieaeteas 
at a certain concentration of the alloying element in each system the fate of 
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evaporation of the iron 
passes through a maximum 
and thereafter decreases. 

Figs.2 & 3 show the 
variation in the concen- 
tration of the alloying 
elements in the conden- 
sates with the concentra- 
tion of the respective 
elements in the solid 
alloys. 

The plots are 
Straight lines with a 
Slope of 45° for the Fe- 
-Cr, Fe-Cr-C, Fe-Mn and 
Fe-Si systems in the 
case of spark excitation 
and for the Fe-Cr system 
in the case of arc exci- 
tation; in other words, 
the relative atomic con- 
centrations in the vapor 
and solid phases are 
equal. The equality of 
concentrations does not 
hold for the Fe-W and Fe- 
-C alloys, but the rela- 
tion between the concen- 


Fig.2. Correlation between the content of alloying trations remains linear, 

elements in the solid and vapor phases for different i.e., we obtain straight 
alloys. IG-2 spark source. line plots but with a 

a (z) different slope; to some 
Cre/ Vap extent this deviation 


may be explained by the 
lower accuracy of the 
procedures employed in 
determining W and C. For 
the Fe-Mn system, in the 
case of arc vaporization 
the linear dependence 
persists up to 12% Mn 
content; above this con- 
centration the slope of 
the plot changes twice. 
The dependence for the 
Fe-W system is linear 
over the entire investi- 
gated concentration range. 
<Fig.3. Correlation hbe- 
tween the content of al- 
loying elements in the 
solid and vapor phases for 
different alloys. DG-1l 
arc source. 
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Juxtaposition of Figs.2 & 3 with the curves for spark vaporization leads to 
the inference that for most alloys the relative atomic concentrations of the ele- 
ments in the solid and vapor phases remain equal, although the rate of vaporiza- 
tion of the sample depends on its chemical composition. The different rates of 
vaporization of alloys can be related with some of their physical properties. 

In plots of the heat conductivity and electric resistivity vs the alloying 
- element content the maximum of the conductivity curve and the minimum of the re- 
sistivity curve coincide with the maximum for the rate of vaporization of the 
material from the solid alloys. Increase in the resistivity and decrease of the 
heat conductivity lead to increase of the heat energy in the analyzed volume 
where the discharge acts on the electrodes. 

The fact that the vaporization curves for different iron alloys have essenti- 
ally the same character indicates that the same constant factors determine the 
vaporization conditions. These factors may be the temperature of the gas dis- 
charge and the thermal properties of the alloys. Up to a certain concentration 
of the alloying elements their rate of entry into the discharge cloud is propor- 
tional to their content in the alloy. With the passage of time, however, the 
accumulation of vapor in the discharge cloud leads to reduction of the discharge 
temperature and as a result the rate of vaporization of the elements is reduced. 

Through comparison of the total weight of the condensates with the propor- 
tions by weight of the elements in the condensates, we established that the de- 
posits consist of stable oxides (Fe203, Crg03, Si0g, Mn0g, WO3 and CO5) forming 
as a result of direct reaction of the elements with oxygen at high temperatures. 

We desire to thank V.K.Prokof'ev for his interest in the work and a number 
of valuable suggestions. 
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INFLUENCE OF DISCHARGE TIME ON THE RATE OF EVAPORATION OF PARTICLES 
FROM THE SURFACE OF METALLIC ARC ELECTRODES 
- G.E,Zolotukhin & H.M. Zykova 


Work with different light sources in analysis of complex substances and al- 
loys has shown that the influence of individual components of the alloy on the 
entry of material into the gas cloud diminishes with reduction of the discharge 
time. Thus, for example, decrease of the discharge duration from 5 to 1.5 milli- 
sec in analysis of steels and aluminum alloys has the effect of reducing the 
probable analytic error by almost 50%.1 

In the present work we investigated the influence of the discharge time on 
the evaporation from the surface of metallic electrodes in an ac arc and the sub- 
sequent excitation of the vapor. The rate of evaporation was compared with the 
discharge energy and the amount of heat taken up by the electrode surface per 
unit time. The discharge duration and energy were determined from oscillograms; 
the amount of heat was measured by the procedure described earlier. 2 

Specifically, we investigated samples of bronze, brass and copper containing 
small amounts of magnesium and iron. The samples were in the form of 18 mm long, 
10 mm diameter rods. The base face of the rods was ground flat, polished and 
pressed into firm contact with the surface of a caisson cooled with flowing water. 
The electrode temperatures were measured by means of chromel-alumel thermocouples 
inserted into holes drilled near the cooled and heated ends of the electrodes. 
The thermocouples were connected to mirror galvanometers and the temperature vari- 
ations were recorded photographically. The water circulation was measured by a 
flow meter with a 2 mm diameter diaphragm and a mercury monometer. The arc igni- 
tion phase was varied by adjustment of the power supply unit (generator equipped 
with electronic ignition control). The initial phase setting at which there was 
stable burning of the arc was 389; the final phase was 118°. The effective cur- 
rent was maintained constant and equal to 6 amp in all the experiments. The rate 
of evaporation of particles from the electrodes was found from the loss in weight. 

The heat balance at the electrodes as a function of their polarity and the 

discharge time is shown in Table l. 


Table 1 The amount of energy evolved 
Thermal balance at the electrodes at both the cathode and anode de- 
SSS a ee ee ee ee creases with decreasing discharge 
Ignition ‘Discharge pene a nom /aee ate of time. Less energy is released at 
phase, duration, cathode the cathode than at the anode. 
angle© _j;millisec , anode | cathode | Fluxes The ratio of the thermal fluxes 
in the cathode and anode is inde- 
38 6,7 9,7 7,4 57: 43 pendent of the discharge time and 
66 5,5 8,6 6,6 57: 43 equals about 43:57, which is in 
as a Ps Po bne good agreement with the results 


obtained by Reider? and Germer* in 
measurements with a de arc. Data 
on the rate of evaporation of particles from the surface of the anode as a func- 
tion of the heat conductivity of the material and the discharge duration are 
given in Table 2; the corresponding data for the anode are listed in Table 3. 

It will be evident from Table 2 that the rate of evaporation from the anode 
- decreases with reduction of the discharge time. For the same discharge time, 
the rate of evaporation depends on the heat conductivity of the material: materi- 
als with a lower heat conductivity evaporate more rapidly. 

The rate of evaporation of the cathode is 5-10 times higher than that of 
the anode and is only weakly dependent on the heat conductivity of the electrode 


material and the discharge time. 
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Table 4 lists the 
reduced rates of evapora- 
tion (i.e., rates normal- 


Table 2 
Rate of evaporation of the anode (mg/cal) 


j C 4 - * 
pene AeP oe Bronze Brass ized to a unit discharge 
naa eK. (utes seca (x = 0.18 ) (« = 0.13) energy) as function of the 
ile tik Sad heat conductivity of the 
6,7 (0,28-40,03)-102 | (0,832.0, 02) -10° (1,240, 1)- 10° material and discharge 
5,5 (0,49-+0,02)-10? | (0,75-0, 02). 10° (4,00, 1)-10° time. It will be evident 
4,0 (0,14-F0,02).102 | (0,690, 02) - 10° (0,8--0,1)-10 
oy (0, 14-0, 02). 10? (0,55-+0 ,02)-10? (0,7-E0,1)-10? that the reduced evapora~ 
tion rate is not the same 
Table 3 for different materials 


and electrode polarities, 
put that approximately the 


Rate of evaporation of the cathode (mg/cal) 


he Pe ee ee ee 


Discharge 
Boe Copper Bronze Brass same value of the reduced 
millisec rate is obtained for a 
6,7 (2, 5-40, 2)-102 (3,30,2)-10? | (3,3-+0,2)-40? given material and elec- 
Be ote Sh 108 beast oO) 102 trode polarity regardless 
1, ) y ’ 2 (o, , 2 Me ? 5 * . 
5% (2,1-£0,2)-102 (2,4-F0,2)-102 (2, 2-40, 2)-102 of the discharge duration 
(within the investigated 
range). 
Table 4 The influence of discharge 


Reduced rate of evaporation of the duration on the relative intensity 


electrodes (mg/cal. of the Mg 2852 A line and the tem- 
S09 + | perature of the gas cloud is il- 
Lo etc ae ‘Bronze | Brass lustrated by the data of Table 5. 

: The temperature was determined from 
a d thod 1 | thod anode eaeieae rs 
Bice ue (eee ee ee | the Cu I 3319 and Cu I 3208 A lines 
6,7 | 0,029 see ie pies es ye lines recorded on an ISP-28 spectro- 
275 Bot us 07092 | 0,06 044 0,45 graph. In these measurements the 
Rr |) 0,022 0,43 0,086 | 0,43 0,14 0,49 upper electrode was a copper rod; 
the lower electrode the investigated 
Table 5 alloy (brass) containing small 


Influence of discharge time on the 
intensity of the Mg 2852 A line and the 
temperature of the gas cloud 


amounts of magnesium. The experi- 
ments showed that with reduction of 
the discharge time the intensity of 
the Mg 2852 A line increases more 


nape ‘od o| Log relative BS ith 
Discharge | pido Site | ee inher ty Sy with evaporation of the cathode 
duration, | Pc ogo | pkg en »%., than with evaporation of the anode. 
millisec | Go§’s bes RASS i a a g° Increase in intensity of copper 
lines with decrease of the discharge 
time has been reported in the work 
oe See: 720 1,30 1,59 5800 of V.P.Borzov. 
5 ,40 730 4,39 Nia 6000 ; . 
40 0°36 900 1738 1785 6400 On the basis of the experiment- 
Dyfl 0,34 1260 4,45 4,90 6800 al results, for enhancement of the 


sensitivity of analysis of copper 
based alloys we recommend the use 
of a rectified ac arc with short pulses and connection of the sample as the cath- 
ode. 
References 
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EFFECT OF SAMPLE POLARITY IN THE EXCITATION OF RECTIFIED ARC SPECTRA* 


S 


- E,A,Silin'sh & L.F.Taure 


In the present report we 


\ 4 22/25 


; give some of the results of 
our investigation of the influ- 
ence of the polarity of the 
sample when this is used as one 
of the electrodes in a unipolar 
(rectified) ac arc. 

The circuit diagram of 
the source-generator is shown 
in Fig.l. This source unit 
can provide a conventional ac 
arc with a frequency of 100 
cps (switch § in position 2) 
or a unipolar arc with a flash 
frequency of 50 cps. With 
switch S in position 1 the 


Fig.l. Circuit diagram of ac arc and unipolar 2Ts2S ( 21[2C) kenotron is con- 


arc power unit. 


“08-04 0 04 08 t2logC 


Fig.2. Effect of sample 
polarity on the posi- 
tion of the calibration 
curves: 1 - curve for 
determination of Cr in 
alloy steel with the 
sample as the anode, 


2 - same for stainless 


steel, sample as the 
anode, jo. ~ curve for 
medium-alloy and stain- 
less steels with the 
sample as the cathode. 


nected to the output of the 

high voltage transformer and 
serves to block out alternate half-cycles. Hence the 
arc is excited every half-cycle with the same polarity, 
although the electrodes are constantly supplied with 
alternating voltage (220 v, 50 cps). A similar circuit 
was proposed by Borvik! for rectification of heavy alter- 
nating currents. This circuit is also suitable for sup- 
plying analytic light sources inasmuch as it is simple 
and more reliable than most other circuits for obtaining 
a unipolar are (see, for example, Ref.2). 

We investigated the role of electrode polarity in 
spectrum analysis of carbon, medium-alloy and stainless 
steels and brass. We studied the calibration {working} 
curves, the burning time curves, the intensity distribu- 
tion of the spectrum lines and the influence of the arc 
current strength on the line intensities as functions 
of the sample polarity. We observed the following regu- 
larities. 

The absolute intensity of the spectrum lines with 
negative polarity of the sample is higher than with 
positive polarity by a factor of 1.5-2 for steel and 
5-8 for brass. The ratio of the line intensities of all 
the alloying elements to the intensity of the matrix 
lines is higher with the sample connected as the anode; 
the ratio is particularly high in the case of Cr and Ni. 
The only exception to this is Zn in brass. 

With the sample as the anode there is an appreciable 


shift of the calibration curve with increase in the number and concentration of 


"third" components (curves 1 & 2 in Fig.2); the shift is particularly great in 


the case of curves for determination of Cr, Ni and Si and is comparatively small 


SS ee TT Se 


*L.Khomskaya, student at the Latvian State University, participated in the 
_ experiments. 
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7 in the case of curves for Mn. In con- 
ae trast, with the sample negative, there 
seme pT ne is little or no shift of the calibration 
curves: the influence of ' ‘third compon- 
ents decreases (curve 3 in Fig.2). Gener- 
ally, the slope of the calibration curves 
with the sample as the cathode is less 
steep than with the sample as the anode. 
The calibration curves obtained for 


00S .SCC gy ordinary ac arc usually lie between 
Fig.3. Burning time curves for Cr in the sample-anode and sample-cathode curves. 
a unipolar arc: 1) sample-cathode, 2) It may be assumed that the ac are curves 
sample-anode. represent a superposition of the anode 


and cathode effects. Presumably the shift 
reported? for ac working curves is due primarily to dis- 
placement of the sample-anode curve. 

The analytic error in using the sample as the cath- 
ode is the same order of magnitude as the analytic error 
with an ordinary ac arc. The reproducibility is impaired 
with the sample positive. For example, the probable er- 
ror of an individual measurement in determining Mn in 
steel is 3.4% with an ac arc, 3.5% with the sample con- 
nected as the cathode and 5.6% with the sample as the 
anode. 

With the sample connected as the cathode, the burn- 
ing time curves are consistent with the regularities of 
Fig.4. AS = log ieey Filimonov4; in the case of Mn, Cr and Si a maximum ap- 


/Ip ) vs are current pears in the AS vs time curve; in the case of Ni- a 
curves: 1) sample- minimum. With the sample positive the burning time 
cathode, 2) sample- curves for a number of elements, particularly Cr, Ni 
anode. and Si, depart from the Filimonov regularities (Fig.3). 


The topographic (spatial) distribution of the arc 
and spark line radiations through the discharge plasma also depends on the sample 
polarity. 

The curves characterizing the relative intensity of the spectrum lines as a 
function of the arc current differ with the sample polarity (Fig.4). The intensi- 
ty of oxidation and the composition of the products of electro-erosional trans- 
port (particularly in the case of alloy steel and brass) also depend on the sample 
polarity. 

It may be assumed that, in addition to thermal and oxidation-reduction pro- 
cesses, an important role is played by electric processes in the evaporation of 
elements from the sample. These electric processes, which naturally depend on 
the electric parameters of the arc, include electric erosion®, thermionic emis- 
sion at the anode, the effect of electronic emission on evaporation from the cath- 
ode, the influence of electrodes potential on oxidation reactions, etc. 

The observed decrease in the influence of "third" components with the sample 


as the cathode opens new possibilities for the application of unipolar arcs in 
spectroscopic analysis. 


Physical Laboratory of the Riga Electric Machine Building Plant & 
Spectroscopic Laboratory of the Riga "Avtoelektropribor" Plant 
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INFLUENCE OF THE COMPOSITION OF POWDERED SUBSTANCES ON THE RELATIVE INTENSITY 
OF SPECTRUM LINES 


- A.M.Shavrin & M.A. Zotin 


In this paper we present some data on the influence of the composition of 
powder samples on the relative line intensity in the spectra of systems consisting 
of silica and the carbonates of alkaline earth metals when the sample is vapor- 


ized from a cup in a copper electrode. 


For the purpose of investigating the intensity ratios of the Cd 3261.057 A 
line to the Zn 3282.333, 3302.588/941 and 3345.02/572 A lines we prepared a series 


leq 
log ia 
0,20 


0 £0 40 60 80 


Fig.l. Variation of the relative intensi- 
ty of the Cd 3261.057 A and Zn 3302.588/ 
7/941 A lines with the composition of the 


mixture in the systems: 1) Si09-MgC03, 
2) Si0o-CaC03, 3) Si0g-SrC0g and 4) 
Si09-BaC0 3. 


100% Sid, 


of mixtures in which the Si059 content 
varied from 0 to 98.5% and that of the 
alkaline earth carbonate from 98.5 to 
0%; the 1.5% remainder was CdC03. Af- 
ter preparation of the mixture, Zn0 
was introduced in the amount of 1.5% 
of the total. 

The spectra were photographed on 
an ISP-22 spectrograph with a slit 
width of 0.025 mm. The source was an 
ac arc (supplied from a Sventitskii 
type circuit) between copper electrodes; 
the current strength was 5 amp; the gap 
3 mm. The exposure time was 15 sec. 
The mixture was placed in a cup-like 
recess (7 mm diameter, 1.5 mm deep) in 
the lower electrode. The mean values 
of log (Igg/Izn) based on 26 spectra as 
a function of the composition of the 
mixture in the Si09-MgC03, Si0g-CaCO3, 
Si09-SrC03 and Si05-BaCOgz systems are 
shown in Fig.l. 

The complex composition dependence 
of the relative intensity is a result 


of the different variations of the absolute intensities of the Cd and Zn lines. 
By way of illustration we give the variation of the blackening of these lines in 


the Si02-CaCO, system in Fig.2. 


The greater increase in the intensity of the Zn 


lines as compared with the intensity of the Cd lines with increase in the CaC03 
content from 0 to 55% is apparently due to the formation of cadmium, zinc and 
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calcium silicates; particularly the presence of 
calcium silicate favors transition of the mixture 
to the liquid state and, consequently, increases 
the rate of chemical reaction of the components. 

There is good reason to assume that the sili- 
cates forming in the sample are responsible for 
the change in the rate of entry of the analytic 
elements into the arc. This assumption is sub- 
stantiated by comparison of our experimental data 
with the melting and boiling points of the pro- 
ducts of reaction of the sample components with 
Sid. In addition, with a view to checking the 
assumption further, we investigated the remains 
of the beads left after recording the spectra. 
The samples not containing alkaline earth carbon- 
ates virtually do not fuse; the elements enter 
Fig.2. Variation in the degree the arc primarily from the initial compound. On 
of blackening of the Cd the other hand, in the presence of alkaline earth 
3261.057 A (1) and Zn 3302.588/ carbonates in the mixture, the mixture fuses and 
/9Al1 A (2) lines with the com- beads remain on the electrode. Highly uniform 
position of the mixture in the and transparent beads are formed in the case of 
Si02-CaCO3 system. the mixture corresponding to the minimum relative 

intensity, i.e., log (Icd/Izgn)min- In the Si02- 
-CaCO3 system, transparent beads are formed from the mixture with equimolecular 
proportions of the components. In systems containing strontium and barium, a 
transparent bead is obtained with the mixtures containing ~66 mole percent Si05 
and ~33 mole percent of the alkaline earth carbonate. On the basis of these com- 
ponent proportions we calculated the formulas of the probable silicates of calci- 
um, strontium and barium. The calculations showed that in the Si09-CaC0O3 system 
the primary bead component is calcium metasilicate (wollastonite); in the systems 
with strontium and barium carbonates, the respective metadisilicates are formed 
(investigation of the beads by means of a polarizing microscope substantiated the 
presence of the enumerated silicates). 

We note that the proportion of silicon dioxide to calcium carbonate for which 
there are obtained uniform beads was established by geometric analysis of the 
variation of the relative intensity as a function of the composition of the Si05- 
-CaCO3 system. 

We further checked the above inferences by analysis of mixtures prepared 
with natural wollastonite. Adding CdC0O3 and ZnO in the same amounts to the 
natural wollastonite and recording the spectra under the same conditions, we ob- 
tained the same relative intensity value, i.e., that corresponding to the minimum 
in the curve for the Si09-CaC0O3 system. 

This result clearly indicates that there does occur a reaction between the 
silicon dioxide and the calcium carbonate leading to the formation of artificial 
wollastonite; moreover, this result points to the substantial role that may be 
played by the matrix components in analysis. 

The absence of a clear minimum in the relative intensity curve for the Si05- 
-MgCO3 system may be explained by incomplete conversion of the mixture components 
to silicates since in this case the mixture is only partially fused during the 
exposure. Moreover, the basic properties of magnesium are more weakly evinced 
than those of calcium, strontium and, particularly, barium. 

We also investigated the behavior of log (Icd/Izn) with variation of the 
composition in the CaCO3-SrC03 system. In this case the relative intensity re- 
mains virtually constant. Thus in the absence of the chemically active component, 


a7 
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Si09, the entry of cadmium and zinc into the 
physical-chemical properties of the initial c 
proportion of the matrix component. 


On the basis of the available experimental data it may be inferred that 
other elements belonging to the same group of the periodic table or their ana- 
logous compounds will in the presence of silicon dioxide have a similar influence 
on the relative intensities of the spectrum lines. 

Hence in working with an activated arc between copper electrodes one can, 
making use of the periodic law, take appropriate practical measures to eliminate 


or minimize the influence of the mixture composition on the relative intensity 
of the analytic lines. 


discharge is determined by the 
ompound and does not depend on the 


"A.M.Gorkii" Perm State University 


INFLUENCE OF "THIRD"ELEMENTS IN SPARK ANALYSIS OF SOLUTIONS* 
- A.K,Rusanov & L.1I,Sosnovskaya 


We investigated the dependence of spectrum line intensities on the proper- 
ties of the analyzed solutions and the effect of different elements on each other. 
The experiments were performed under conditions minimizing the influence of pro- 
cesses occurring on the electrode and also under conditions when the influence of 
these processes is most clearly evinced. 

The solutions were introduced into the discharge zone by means of rotating 
metallic or graphite disks mounted opposite each other. In the case of graphite 
disks the spark discharge forms between two films of the solution; the film thick- 
ness could be varied from 0.003 to 0.06 mm. In other experiments the solutions 
were introduced into the discharge by means of a capillary graphite electrode im- 
mersed in the solution; the stationary graphite counter electrode was mounted 
above the capillary electrode. The excitation source was an IG-2 spark generator 
employing the Raiskii (condensed spark) circuit. We devoted particular attention 
to determining the variation of the absolute and relative line intensities with 
the rate of rotation of the electrodes, the thickness of the solution film, the 
ability of the spark to break through this film, the amount of solution consumed 
in the discharge and also with the ionization potential and atomic concentration 
of extraneous elements in the solution. 

It was found that the absolute line intensity decreases with increasing film 
thickness and, consequently, with increasing solution consumption. Variation in 
the film thickness has no effect on the line intensity in cases when the film is 
not punctured by the spark. The effect of film thickness on the line intensity 
is closely correlated with increase of the solution utilization factor in working 
with thin films. 

In evaluating element concentrations from the absolute spectrum line intensi- 
ties in the case of both rotating and capillary electrodes one must take into ac- 
count the electric conductivity of the solution, the thickness of the solution 
film and the rate of its renewal (rate of rotation of the disks or diameter of 
the electrode capillary, the material and state of the surface of the electrodes, 
variations in the solution viscosity with temperature and changes in the chemical 
composition of the solution). 

*Abstract. Complete report to be published in "Analiticheskaya khimiya" 
(Analytic Chemistry). 
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Fig.l. Variation of the relative intensity of the Fe I 3047.6 and Fe II 2739.6 A 
lines with the atomic concentration of elements having different ionization poten- 
tials. Rotating graphite electrodes: 1) Cs (3.9 ev), 2) K (4.3 ev), 3) Ca (6.1 

ev), 4) Cu (7.7 ev), 5) Zn (9.4 ev), 6) S (10.6 ev), 7) Cl (12.9 ev), 8) N (14.5 ev). 


The effect of "third" elements on 
the absolute and relative spectrum line 
intensities depends on the ionization 
potential and the atomic concentration 
of the elements in question. The rela- 
tive importance of these two factors dif- 
fers, depending on the method of intro- 
duction of the solution into the spark 
discharge. Thus, for example, the influ- 


-O1 ence of "third" elements is minimal when 

zy 10 i MaBy the discharge takes place between solution 
Fig.2. Variation of the relative in- films not disrupted by the spark; the in- 
tensity of the Fe I 3047.6 and Fe ITI fluence is greatly enhanced when the meth- 
2739.6 A lines with the ionization od of introduction favors development of 
potential of the elements with intro- processes occurring on the electrodes. 
duction of the solution through a If a spark discharge occurs between 
capillary graphite electrode: 1) two thick solution films coating rapidly 
element concentration 0.1 gram- rotating disk electrodes, the relative 
-atom/liter, 2) 0.25 gram-atom/liter, intensity of the are and spark lines, 
3) 1 gram-atom/liter. which characterizes the variation in con- 


ditions of excitation, virtually does not 
depend on the ionization potential and atomic concentration of the extraneous 
elements in the solution (Fig.1). 

The relative intensity of the arc and spark lines rapidly increases with de- 
crease of the ionization potential and with increase of the atomic concentration 
of the elements when the solution is introduced into the discharge by means of a 
capillary graphite electrode (Fig.2). The enhanced influence of extraneous ele- 
ments on the excitation conditions in going from rotating to capillary electrodes 
is apparently due to the fact that in the latter case the current-carrying spark 


channel is displaced to a greater extent relative to the center of the radiating 
gas cloud. 


INFLUENCE OF " 
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THIRD” ELEMENTS IN USING UNDISPERSED LIGHT AS THE INTERNAL STANDARD 
- I.S. Abramson, S.N.Murzin & V.A.Slavnyi 


When undispersed light is used as the inter 
of photometric measurements generally proves to 
appreciably better, than when a spectrum line of the matrix is employed for this 
purpose. This is substantiated by laboratory investigations with photoelectric 
instruments!,2, practical work with a photoelectric FES~-1 Steelometer3,4 and by 
a number of other studies°™7. However, good reproducibility in itself does not 
necessarily mean high accuracy of measurement in view of the more or less system- 
atic influence of different factors, in particular, "third" elements. Hence we 
felt it would be of interest to determine how these factors are evinced when un- 
dispersed light is used as the internal standard. 

Even our preliminary measurements showed that the absolute intensity of the 
spectrum lines of the matrix and the element being determined varied with changes 


nal standard, the reproducibility 
be no worse, and in many cases 


in composition of the sample in a no less complex manner than the absolute inten- 


Se ee 


sity of the undispersed light, and consequently, the magnitude of these variations, 
which are connected with the total amount of material entering into the discharge 
gap, Cannot serve as a criterion for evaluating the merits of different internal 
standards. Hence in our work the magnitude of the influences in using a matrix 
line and in using undispersed light was evaluated directly from relative measure- 
ments. 

Specifically, the measurements were carried out for the case of determination 
of chromium and manganese in steels with the different arc discharges provided by 
the GEU-1 source unit. The investigated specimens were chosen so that the magni- 
tude of the influences would be sufficiently large. The chromium determinations 
were carried out on LSO* standard samples Set No.6 in conjunction with binary al- 
loys of the FE-Cr system. For the determination of manganese, we used samples 
from LSO Sets Nos.6 and 28 in conjunction with binary alloys of the Fe-Mn system. 
As a measure of the magnitude of the influence we used an arbitrary quantity, a 
factor characterizing the systematic deviation of the experimental points from 
the calibration curve and equal numerically to the difference between the loga- 
rithms of the concentrations. In the determinations we used the Cr 5345 & Fe 
4957 A and Mn 4823 & Fe 4859 A line pairs. The experimental results are summar- 
ized in the accompanying table which gives the values of the "influence factor” 
calculated from measurements with reference to undispersed light (I), with refer- 
ence to the matrix line (II) and, finally, with reference to the same matrix line, 
but with the curve plotted taking into account the dilution of the matrix (III) 
under the different experimental conditions. The accidental error in the tabular 
values lies between 0.005 and 0.010. 

It will be evident from the table that in all cases the magnitude of the in- 


fluence substantially exceeds the accidental measurement error. Hence we were un- 


able to find excitation conditions under which the influence is wholly eliminated. 


We can only note that the influence is greatest for the case when the sample serves 


as the cathode and smallest when a full-wave arc is employed. This result is not 
general but pertains only to the investigated samples; thus, for example, with 
the range of one particular set of standards, the minimal influence obtained in 
a case when the sample served as the anode. There is no clear-cut correlation be- 


tween the influence factor and the current strength. Finally, it follows from the 
table that when undispersed light is used, the magnitude of the influence is no 


greater and in some cases 1.5-2 times smaller than when a matrix line is employed 
as the internal standard. It must be noted that in case of comparison with other 
iron lines, the magnitude of the influence factor changes somewhat but qualita- 


*LSO (JICO) - Laboratory of Standard Samples. 
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*All current values are crest values. **With 1 to 8 repetition rate scaling. 
*kkThe indicated polarities are for the sample. 


tively the same results are obtained. 

Further, we made attempts to suppress the influence of "third" elements by 
means of special devices. In particular, we tested the rotating electrode tech- 
nique. In this procedure a new section of the sample is acted on by each subse- 
quent discharge pulse. Hence it might be assumed that oxidation and diffusion 
processes on the electrodes, which might be the cause of the influences, will be 
evinced to a lesser degree than with a stationary electrode. Measurements under 
conditions I, II and III showed, however, that instead of decreasing, the magni- 
tude of the influences actually increased somewhat. This is probably connected 
with structural effects which in this case should be manifested appreciably more 
strongly owing to less intense local heating of the sample. Moreover, this tech- 
nique did not eliminate the influences connected with variation in the discharge 
temperature. 

We also tested powerful pulse discharges®. The measurements were carried 
out at C = 30,000 uf and L = 0.33 mh. The counterelectrode was of carbon. For 
the purpose of localizing the discharge, the surface of the sample was coated 
with a thin layer of machine oil. The experiments showed that localization of 
the discharge reduces the magnitude of the influences but does not wholly suppress 
them; the influence factor, evaluated by the above mentioned procedure, proved to 
be 0.05 without localization of the discharge and 0.03 with localization, i.e., 
of the same order of magnitude as with an ordinary source. Moreover, it must be 
noted that with localization of the discharge, the slope of the calibration curve 
is rather flat (0.3-0.4) owing to the strong background, which is particularly 
undesirable in photoelectric measurements, when the measured quantity is the inte- 
gral light flux passing through the exit slit. The reproducibility of the rela- 
tive intensity values was within 3-4%; however, in view of the flat slope of the 
calibration curve, in the case of localization the error in determining the con- 
centration was very large (of the order of 8-10% in individual measurements). 

The results of work with undispersed light as the internal standard give 
reason to infer that this procedure, which has undoubted advantages as regards 
reproducibility, from the standpoint of influence where metallic samples are con- 
cerned, does not yield to the conventional technique of comparison with a spec- 
trum line of the base material. In fact, in using undispersed light one can 
count on a certain diminution of the influences regardless of the method of ex- 
citation of the spectrum. 

In conclusion, we believe that the solution of the problem of eliminating 
influences should be sought not in seeking or choosing between different internal 
standards, analytic lines, discharge conditions, electrode shapes and so on, but 
along the line of developing essentially new light sources. 


Laboratory of the Commission on Spectroscopy, 
Academy of Sciences of the USSR 
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EFFECT OF THE CHEMICAL COMPOSITION OF THE SAMPLE ON THE INTENSITY OF THE 
MATRIX SPECTRUM AND THE ANALYTIC RESULTS 
- N.V.Buyanov 


It is known that in analysis of simple and medium alloy steels the intensity 
of the matrix lines (internal standard) is virtually independent of the concen- 
tration of minor constituents (the elements being determined). In the analysis 
of complex alloys, however, when the concentration of all the alloying elements 
amounts to 20% or more, one may expect a decrease in the intensity of the matrix 
spectrun. 1-4 

We investigated the contribution of different alloying elements to this ef- 
fect by means of a set of standards of binary alloys of Ni, Mn, S1)0Cr, Ti; W, 
Al, V and C with Fe. Within each set the concentration of one alloying element 
varied over a wide range; the other elements had the same concentration. Spark 
and arc spectra of all the samples were photographed under identical conditions. 
The averaged results were then used to plot 


logs Iany= f (log C,)) (1) 
and 
I 
log = = f (log Cal)» (2) 


where Ion is the intensity of the determined element line, Ip, is the intensity 
of the comparison iron line and Cg) is the concentration of the alloying element. 
The principal results of the investigation are the following. 
1. The diluting effect of the alloying element depends substantially on 
the light source used (see table). For example, the presence of more than 5% Mn 


or more than 0.4% Al in the sample leads to appreciable weakening of the matrix 


spectrum in the case of a spark source; with an are source noticeable weakening 


of the matrix spectrum is observed only at 25% Mn and 13% Al. 
2. The effect depends to some extent on the material of the counterelec- 


trode, particularly when the sample contains Cr or C. 
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Maximum concentrations (in %) of alloying elements that do not 
weaken the iron spectrum 


x Counter— 

source electrode N Cc 
Spark Carbon 5.0} 20-4 5, 0nli25,0 lae250-| 20,0000) & 1et5, 0) ma0 
z Carbon 25.0 | 23,0 | 5,0} 25,0 | 18,0 | 20,0 | 13,0 | 24,0] 4,0 
ve Copper 55.0" 20 Onze OM on, ON to, On meas | oe ee 


3. A number of elements (Al, Ti, S & C) ex- 
ert a substantial influence on the intensity of the 
matrix spectrum even at relatively low concentra- 
tions (0.4-4%). 

4, Some alloying elements also influence the 
analytic results. Thus, for example, the results 
of determination of Mn in steel depend on the Si, 
Ni and C content; the results of determination of 
Mn, Ni and Si depend on the W content; the results 
of determination of Cr on the V content, etc. In 
most of these cases, the alloying elements do not 
noticeably weaken the matrix spectrum. 

5. At the same time, some alloying elements 
weaken the matrix spectrum without affecting the 
analytic results as regards determination of other 
elements. This occurs when the intensity of the 
spectrum of the determined element varies with the 
concentration of the alloying element in the same 
way as does the intensity of the matrix spectrum. 
Such cases were observed in determination of Cr, 


fren 2391.7 
log 
let 2468,9 


06 0 G4 G8 t2lwe 


Figel. Relative intensity Ni, Se and Mn in the Fe-Ti system, of Cr and Ni 

of the indicated iron line in the Fe-Si system, of Mn and Ni in the Fe-V sys- 
pair (proportional to the tem, of Ni and Si in the Fe-Al system, etc. 
temperature as a function 6. It follows from our data that almost all 
of the concentration of the investigated alloying elements have a specific 


different "third" elements. individual effect on the stability of the matrix 
Source - arc: 1) upper elec- spectrum. This effect is not the result of dilu- 
trode carbon, 2) upper tion per se. We believe the effect is due primari- 
electrode copper. ly to the influence of the different elements on 

the structure of the alloy, leading to variations 
in the entry of the material into the discharge plasma. 

The curves of Fig.1 show the variation of the arc discharge temperature (as 
indicated by the intensity ratio of the Fe II 2391.7 and Fe I 2468.9 lines) as a 
function of the concentration of different alloying elements. Generally, the 
arc temperature decreases with increase in concentration of the alloying elements; 
the decrease is particularly appreciable for the Fe-Si and Fe-W systems. For all 
systems, the arc with a copper electrode had a higher temperature than with a 
carbon electrode. 

The variation of the absolute and relative line intensities of a number of 


alloying elements with the content of C and Si in the respective binary systems 
is shown in Figs.2 & 3. 
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Fig.2. Variation of the absolute (a) and relative (b) line intensities of a num- 
ber of alloying elements with the carbon content in the Fe-C binary system. Source 
- spark. Upper electrode - carbon. Reference line - Fe 2584 &, 
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Fig.3. Variation of the absolute (a) and relative (b) line intensity of a number 
of alloying elements with the silicon content in the Fe-Si system. Source - spark. 
Upper electrode - carbon. Reference line - Fe 2584 A. 
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RELATION BETWEEN THE DILUENT EFFECT OF "HIRD' COMPONENTS AND THE TRANSPORT OF 
MATERIAL IN LIGHT SOURCES FOR SPECTROSCOPY 
- A.M.Borbat & A. A. Shishlovskii 


The influence of "third" components in spectrum analysis is, in general, 
complex and many sided. In the present work, however, we shall consider it only 
from the standpoint of the diluent effect. 

The concentration of a given element in a sample is frequently inferred from 
the relative intensity of the spectrum line of this element and a suitable line 
of the matrix; hence the analytic results must depend in general on the amount of 
the matrix element in the alloy. The last depends in turn both on the amount of 
the determined element present and on the amounts of third components!. It -rol- 
lows, first, that in the case of the diluent effect of "third'’ components only, 
the absolute intensity of the matrix line changes, while the intensity element 
line remains constant, and, second, that in carrying out analyses without taking 
this diluent effect into account (as is usually the case in industrial practice) 
the quantity of the matrix constituent in the standards must be constant, i.e., 
the total content of all other constituents except the "matrix element must be 
constant or must vary within sufficiently narrow limits. The allowable limits of 
variation are considered in the present study. 

For the purposes of the present investigation we chose aluminum and iron base 
alloys. First, we investigated the variation of the absolute intensity of the 
matrix line in a condensed spark spectrum with the content of the base constituent 
(matrix element). 

The accompanying figure shows the variation 
lag 1 py in the intensity of the Al 2652.5 A spectrum 
G6 line with the aluminum concentration in the 
sample. The experiments showed that for a pair 


07 of self-electrodes, as might be expected, the 
line intensity varies in a consistent manner 
with the Al concentration (curve I). Somewhat 


unexpected, however, was the fact that in the 
case of a pure aluminum counterelectrode almost 


23199 4,95 2,00 the same concentration dependence is obtained 
10g Cp, (curve II). At first glance it would seem that 
Variation in the intensity of in this case the diluent effect of "third" com- 
the 2652.5 A line of aluminum ponents should be very weak. This "unexpected" 
with its concentration in the result can be explained if we take into account 
sample: I - for a pair of self- the effect of material transfer in light sources. 
electrodes, II - for a pure Pure metals, as is known, have a very high ero- 


aluminum counterelectrode, III- sion resistance. Hence transport of material 
for an aluminum counterelectrode during sparking occurs primarily from the sample 
in the case of absence of trans- to the counterelectrode, and towards the end of 
port of its material. the sparking period, the latter as regards com- 

position of its surface layer becomes virtually 
identical with the sample, i.e., we have a case equivalent to that of a pair of 
self-electrodes. 

To substantiate this inference we carried out experiments in which transport 
of material was artificially precluded, i.e., we reduced the exposure, eliminated 
presparking, increased the analytic gap and sharpened the counterelectrode to a 
point. It was found that in this case with a pure aluminum counterelectrode the 
diluent effect of "third" constituents is absent (curve III). In the case of a 


graphite counterelectrode, however, the diluent effect was as 
st 
preceding cases. ; rong as in the 


aL. are 


Similar experiments were carried out with 
iron base alloys. It was found that regardless 


ane) * of the kind of insert electrode - copper, alumi- 

a Si | Cu] Mg| Mn! Fe| zn eee num, graphite or iron ~- the character of the di- 

ae luent effect of 'third'’ constituents in the 
presence of material transport was virtually the 

14 |6,50/0, 75/4 ,05/0,17|0, 27/0 ,05 

‘o 450|2'9510/30|0" 55|10710°101 9058 same. In cases when transport was suppressed, 

13 [5,50)2, 24/0, 78/0, 45/0, 78/0, 20] 90,25 the diluent influence remained the same for cop- 

14 |4,90/1, 27/0, 48/0, 25/0, 47/0, 30| 92,68 er raphite i 

15 (5° 4512, 2010; 49l1 (0311 110° S01 once per, grap and aluminum counterelectrodes, 


while in the case of an iron counterelectrode, 
it was absent. 

Under the usual conditions of analysis there is always some transport of 
material and hence some diluent effect due to "third" constituents; consequently, 
the diluent effect must in general be taken into account. Actually, however, 
the concentration of the matrix element is usually high, while the concentration 
sensitivity of its spectrum lines, as a rule, is low. Hence one should attempt 
to choose a set of standards such that the error introduced by variation in the 
amount of the matrix element should not exceed three times the standard error of 
analysis2.* 

Such a set of standards can be used without taking into account the diluent 
infulence of "third" constituents. Thus we obtained a criterion for evaluating 
the allowable variation in the content of the matrix element in the standard and 
in the analyzed samples. 

By way of concrete illustration let us consider the set of standards common- 
ly employed for the aluminum alloy Al5. The chemical composition of standards 
Nos.1l1 through 15 is listed in the accompanying table. As we see, the variation 
in the amount of the matrix element, i.e., Al, relative to the mean content is 
1.44%, which corresponds to a variation in the blackening of the Al line of +2.1% 
and, according to Borzov and Sventipkii3, is equivalent to an analytic error of 
+4.5%. 

Thus if the required analytic accuracy does not exceed +4.5%, this set of 
standards can be used without taking into account the diluent effect of "third" 
constituents. 

The above also allows of explaining the absence of a significant diluent ef- 
fect of "third'’ constituents in the case of joint photographing of the spectra of 
the fifth and sixth UIM standards sets in a high-frequency spark with an iron 
counterelectrode?: our investigations showed that in a high-frequency spark from 
an induction type circuit there is virtually no transport of material to the op- 
posite electrode; on the other hand, with a copper counterelectrode, the diluent 
effect of third" constituents under the same conditions remains the same as before. 


"TG, Shevchenko" Kiev State University 
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VARIATION OF THE TOTAL INTENSITY OF SPECTRUM LINES WITH THE ATOMIC CONCENTRATION 


IN A 


PULSE DISCHARGE 
- E, I. Vorontsov 


1. Procedure and experimental conditions 
MeN lt ashe enna Bact sd Ae Sms lea aia 


Blackening 
Ss es xs 
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Fig.l. Variations in blackening 
over the length of the Si 2516 A 
line in the spectrum of silumin 
for different pulse discharge con- 
ditions and for an ac arc. 
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Fig.2. Working curves for deter- 
mination of Si with different 
degrees of localization of the 
pulse discharge. The figures 

at the curve indicate the in- 
side diameter of the localizing 
ring. 


The present investigation of the relation 
between the spectrum line intensity and the 
atomic concentration in the discharge was 
based on the method of forced introduction 
of the electrode material into the spark gap 
by means of a pulse discharge localized on 
the surface of the sample by means of a re- 
stricting ring. As was shown in Ref.1, such 
localization limits the size of the discharge 
pits on the electrode, eliminates selectivity 
in entry of the material into the spark gap 
and suppresses the influence of "third'’ compo- 
nents. Forced introduction of a certain de- 
finite amount of sample material into the dis- 
charge, regardless of the gross composition 
of the electrodes, is a necessary condition 
for the investigation of the relation between 
the total spectrum line intensity and the atom- 
ic concentration. This follows directly from 
the results of investigation of deformation of 
the plasma depending on the character of the 
entry of the electrode material into the spark 
gap. 

The pulse discharges were focused on the 
spectrograph slit with the electrodes horizon- 
tal. The results of measurement of the black- 
ening along the Si 2516 A line in the spectrum 
of silumin (Si-Al alloy) under different pulse 
discharge conditions and also for an ac arc 
are shown in Fig.l. The points were obtained 
at intervals of 1 mm along the line. For a 
"soft" pulse discharge localized by a flat 
ring with a 1 mm diameter opening and for the 
ac arc there is evident an abrupt decrease in 
blackening immediately to both sides of the 
central region of the radiating plasma. In 
the case of “hard” and "soft" discharges 
localized by a ring with an inside diameter 


of 6 mm, there is a central section with a relatively uniform emission. In this 
case self-reversal is clearly evident and is particularly strong near the ends 
of the spectrum line. This indicates considerable variation in the emission and 


absorption of the plasma. 


Fig.2 shows the influence of the inside diameter of the localizing ring, de- 


forming the discharge plasma under 


"soft" discharge conditions, on the slope of 


the working curves. These curves were plotted on the basis of the reduced concen- 
tration, i.e., the concentration referred to the actual content of the base ele- 


ment. It will be evident that the 


variations in slope are appreciable. 
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Fig.3 gives the working curves for 
determination of zine under "soft" and 
"hard" pulse discharge conditions. The 
analytic line pairs are Zn I 3346 & Cu I 
2544 A and Zn II 2558 & Cu II 2544 A; the 
circuit capacitance in "soft" discharge 
operation was 48,000 uf, the inductance 0.55 
mh; in "hard" discharge operation - 48,000 
wf and 0.01 mh. 

The experimental points for the arc 
line of zinc and "soft" discharge condi- 
tions do not fit a single straight line. 
Somewhat better results are obtained if 
the spark line of Zn is used. On the other 
hand, with "hard" discharge operation all 
the points for both spectrum lines fall on 


meee EUs bili Le 18 22 
log CZ 
Fig.3. Working curves for determin- straight line plots. 
ation of Zn in "soft" (S.d.) and 
"hard" (H.d.) localized pulse dis- 
charges. 


The measurement of the size of the 
discharge pits on the electrode surfaces 
substantiated our inference regarding vari- 


ation in the amount of material taken into 
the discharge depending on the composition of the samples. For example, the point 


identified by a cross on the lowest curve in Fig.3 pertains to a sample on which 
the discharge pit was exceptionally large. This shows that under "soft" discharge 
conditions one cannot fully stabilize the amount and rate of entry of the elec- 
trode material by localization of the discharge for any gross composition of the 
electrodes. Hence investigation of the variation of the spectrum line intensity 
with the concentration of the radiating atoms must always be carried out under 
"hard" discharge conditions. In this case the emitting atoms are distributed 
fairly uniformly in the discharge zone and the lines not subject to self-reversal 
should be more or less correctly described by homogeneous plasma theory. 


2. Variation of the total intensity spectrum lines with the atomic 
concentration under hard pulse discharge conditions 


Fig.4,a shows the working curves (2,3 & 4) for determination of Zn in brass 
and bronze in the range of concentrations from 0.39 to 62%. The element lines 
were the non-self-reversing spark lines Zn I 3346 A and Zn II 2558 A and the self- 
reversing arc line Zn I 3302.9 A. The reference line in all cases was the spark 
line Cu II 2544 A. 

In addition, in Fig.4,a we give the curve (4) for determination of chromium 
in binary Cr-Ni alloys in the concentration range from 2 to 87%. This plot is 
based on the non-self-reversing Cr II 2855.7 A line; the reference line was the 
spark line Ni II 2545.8 A. 

The curves in Fig.4,b show the variation of the total absorption as a func- 
tion of the number R/ of absorbing oscillators in a column of 1 cm2 cross section 
for different values of d=Aw,/Aop , where Aw, is the Lorentz and Awp is the 


- Doppler line broadening. 


IE RATAN rer EGER 


It will be seen from Fig.4,a that a working curve with a slope of 45° was 
obtained for the Zn II 2558 A spark line. The curve for the Cr II 2855.7 A spark 
line has an initial slope of 45°, but the plot flattens out at a chromium concen- 
tration of about 20%. These plots are similar to the lower sections of the theo- 
retical curves for d>1. The plot for the Zn I 3346 A line is reminiscent of 
the upper part of the theoretical curves for ale 
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Apparently, the concentra- 
tion of emitting atoms corre- 
sponds to the conditions for 
which only the upper part of 
the theoretical curves is ap- 
plicable. The plot for the | 
self-reversing Zn I 3302.9 A 
arc line is flatter than the 
theoretical curves. Apparent- 
ly, in this case absorption oc- 
curs in the central and cold 
outer layers of the plasma. 

The practical interest of 
the present work stems from the 
theoretical possibility of ob- 
taining working curves with a 
Standard No. slope of 45° for spark lines 
30. log. CO. up through relatively high con- 

log Czy centrations of the determined 
element. This is substantiated 
by the plotted curves for analy- 
sis of steel, silumin and brass. 

By way of illustration, in 
Fig.5 we show the curves obtain- 
ed for determination of magne- 


log 


101 8315 89 12 88 $5855 57. Standard No. 


d=10 sium in silumin by means of the 
42:6-9-6 Mg II 2790.79 A spark line and 
d=1 Mg I 2779.83 A and Mg I 2852.12 
ee A arc lines. These curves il- 


lustrate the influence of the 
=G0/ spectral origin of the lines on 
the slope of the working curves. 

The use of spark spectrum 
=0 lines also allows of enhancing 
the accuracy of analysis. These 
lines are relatively insensitive 
to variations in the geometric 
shape of the plasma. 


a 6 
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Fig.4. Comparison of the experimental working 
curves (a) for determination of Zn in brass 


and bronze and Cr in Cr-Ni alloys with the er: 
theoretical curves (b) characterizing total “Oh 
absorption. 
-06 
Reference 
-08 
1. E.I.Vorontsov, Zavodsk.laboratoriya AE oo ee ee 


mining Mg in silumin based on 


: 

(Industrial Laboratory), 10, 1180 (1953). Fig.5. Working curves for deter- 
| 

spark and arc lines. 
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INVESTIGATION OF THE CAUSES OF SELECTIVE DISINTEGRATION 
OF ALLOYS BY A SPARK DISCHARGE 


- I.A.Grikit 


It was established in earlier studiesl-4 that the action of a spark discharge 
results in selective disintegration of the sample surface, that is, there occurs 
preferential evaporation of the material from the weakest points: the grain bound- 
aries and interdendritic Spaces. It was suggested that the reason for this pre- 
ferential disintegration of the grain boundaries is more frequent contact of the 
spark channel with individual carbides and intermetallides located on the crystal- 
lite boundaries. 

However, the hypothesis regarding preferential contacts between the spark 
channel and the network of cast ledeburite [ledeburite = eutectic cementite-austen- 
ite mixture] carbides is invalidated, at least in the case of R18 steel, by our 
experimental data on forged samples in which fine carbides are rather uniformly 
distributed and the ledeburite eutectic network is thoroughly broken up. These 
experiments showed that in this case also there occurs selective destruction of 
the alloy surface with preferential entry of material from the grain boundaries. 
Selective disintegration of the sample surface is also observed for pure metals 
in which there are, of course, no carbides and intermetallide segregations. 4 

To check for the absence of selectivity in spark contacts with different 
materials, we carried out experiments involving sparking of joined (welded) plates 
of pure metals (armco, nickel) and metal-ceramic alloys consisting mainly of tung- 
sten and titanium carbides.* The spark pit or spot after both short-term and pro- 
longed sparking was located symmetrically to either side of the weld line; that 
is, there was no preferential contact of the spark channel with the carbide plate. 

We carried out similar experiments with samples of armco iron, nickel and 
copper into which we pressed small pieces (0.3-0.5 mm? in cross section) of tung- 
sten carbide. After grinding and polishing, these artificial "heterogeneous" 
alloys were subjected to sparking for 10 min. It was found that both the metallic 
"matrix" and the pressed in carbides were eaten away by the spark to the same ex- 
tent. 

An entirely different picture was observed, however, when the same carbides 
were pressed into lower melting point metals: Al, Zn, Mg or Sn. In this case, 
the metal surrounding the carbide plug was fused and evaporated by the action of 
the spark so that after the treatment the carbide plug projected above the dis- 
integrated metal surface. 

Some carbides have a melting or decomposition point close to the melting 
point of the parent alloy. Thus, for example, the melting point of Cro3Cg is 
1550° (Ref.5), while the melting point of LK-4 alloy of which this carbide is a 
constituent is 15009, The carbide Cr3Cy melts as it disintegrates. Hence in 
the case of LK-4 alloy we do observe characteristic preferential removal of car- 


bide particles at the grain boundaries and from the interdendritic spaces’ ’“» 


inasmuch as the carbide in this case is more readily disintegrated than the alloy 


' itself. 


To obtain quantitative results, we measured separately the current flowing 
through a carbide and a metallic plate in a spark discharge. To this end we used 


electrodes consisting of plates of a pure metal (armco iron, nickel or copper) 
and a metal-ceramic hard alloy (VK-2) separated by a 0.3-0.5 mm thick mica insu- 


i lator (see figure). The electrodes were connected to an IG-2 spark source. The 


current strength was measured by means of thermoelectric ammeters. 


*VK-2 = 98% W carbide, 2% Co; T5K10 = 85% W carbide, 6% Ti carbide, 9% Co; 


TG6OK6 - 34% W carbide, 60% Ti carbide, 6% Co. 
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Arrangement for determin- 
ing the current flowing 

as a result of contact of 
the spark channel with a 
carbide and a metal: 1 - 
pure metal, 2 - carbide, 

3 - electrode, 4 - thermo- 
electric ammeters, 5 - 
mica. 


It was found that the current 
in both circuits was virtually 
identical. Consequently, the spark 
channel makes equally frequent con- 
tact with the metal and the car- 
bide. Hence the preferential de- 
struction of crystallite boundaries 
in spark discharges is due to the 
lower melting point of the boundary 
material and perhaps to the higher 
mobility of atoms at interfaces. 
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INFLUENCE OF "THIRD" ELEMENTS IN SPARK SPECTROSCOPIC ANALYSIS OF MOLTEN ALLOYS 
- L.E.Vvedenskii & V.I.Shekhobalova 


Spectroscopic analysis of solid samples with spark excitation has a number 
of shortcomings which tend to reduce the reproducibility and accuracy. These 
shortcomings include the effect of sparking (temporal intensity variation), the 
influence of structure on the analytic results, the influence of "third" elements, 
and the influence of liquation. 

Two ways of eliminating these deleterious influences are known: transfer of 
the sample into solution and analysis of the metal in the molten state. The form- 
er, naturally, greatly increases the total time required for analysis. 

The molten metal procedure, proposed in 1941 by one of the authorsl, is prom— 
ising but requires further research and development before it can be used for in- 
dustrial purposes. 

Solution of the problem of analysis of melts by the use of a stream of the 
molten metal eliminates the influence of selective oxidation, segregation in the 
liquid phase and similar effects, but requires rigorous stabilization of the velo- 
city of the stream, which so far has proved difficult to achieve in practice. 
Hence in the present work we used the procedure of a spark discharge between the 
stationary surface of the molten metal and a fixed carbon electrode. 


Apparatus and Procedure 


The equipment consisted of an ISP-22 spectro- 
graph, an IG-2 spark unit and a double crucible 
(Fig.1). After melting of the sample, the crucible 
was transferred from the furnace to the lower elec- 
trode holder of the ISP-22. The spark source was 
connected to the upper carbon electrode and through 
a contact carbon electrode to the molten sample. 

The emulsion gamma was determined for each plate 
by photographing the spectrum with a 12-step weaken- 
er. The spectrograms were scanned on an MF-2 micro- 
photometer. 

For the purpose of the experiments we prepared 
five series of standards: 1) standards of duralumi- 


Fig.1. Double crucible for num, 2) standards of aluminum-copper alloy (3 to 15% 
analysis of molten metals: Cu), binary and doped with 6% Si, and 3) standards 
1) porpous ceramic, 2) as- of aluminum-magnesium alloy (2 to 8% Mg), binary 
bestos, 3) graphite cru- and doped with 5% Zn. 

cible, 4) fixed carbon elec- : 
trode, 5) contact carbon Investigation of the Reproducibility of Analysis 
electrode, 6) molten sample. of Duraluminum 


The duraluminum spectra were excited using the following parameters in the 
Raiskii induction circuit (in the IG-2 source): C = 0.02 uf and L = 0.05 mh; the 
spark gap was 3.0 mm. The presparking time was 20 sec; the exposure time 30 sec. 

The reproducibility § evaluated on the basis of 50 spectrograms and expres- 
sed in percent of the given element is shown in the accompanying caute (two-stage 
recording; second line of the pair in all cases: Al 2652 A). As will be de 
from the tabulated data, the reproducibility is approximately the same as in ana-~ 


lysis of solid samples. 


Reproducibility of analysis of 
molten duraluminum with 
spark excitation 


ET 


Element 


Copper 
Silicon 
Wagnes ium 
ron 
Manganese 


Line, A 5, % 
\ 
3274 +4,8 
2516 -2),8 
2779 +5 ,6 
2599 +3 ,0 
2593 12,3 
> 


050 


G50 


Wos%C, ats% 


Al-Cu-S) 
Al-Cu 


log C,at.% 


Fig.2. Influence of silicon on 
determination of Cu in Al-Cu alloys carbon electrode, 20 sec. The results for 


for solid samples (a) and molten 
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The sparking curves for molten duraluminum 
showed that the sparking effect disappears com~ 
pletely for Cu, Fe and Si and is greatly reduced 
for Mg and Mn.3 Apparently, by the time of igni- 
tion of the spark discharge selective oxidation 
has gone to completion and the effect of the spark 
does not substantially alter the composition of 
the oxide film. 

In the case of a stream of molten metal, on 
the contrary, oxide films do not have time to 
form and the effect of sparking, also, is absent. 

Diffusive effects in the case of molten sam- 
ples play an insignificant role inasmuch as 
the rates of diffusion of the different ele- 
ments in the melt are equalized. 


log R 


x Al-Mg-Zn 
© AL-Mg 


-1,00 
050 100 Log C,at.% 


Fig.3. Influence of zinc on determination 
of Mg in Al-Mg alloys for solid samples 
(1) and molten samples at 770° (2). Line 
pair: Mg 2915 - Al 3050 A. 


Influence of "Third" Elements 


In the experiments to determine the in- 
fluence of ''third'’ elements the Raiskii cir- 
cuit parameters in the IG-2 source unit were 
C = 0.005 pf, L = 0.05 mh and gap = 3.0 mm. 
The presparking time for pairs of solid elec- 
trodes, cast in the form of rod ingots, was 
1 min; that for molten samples with a fixed 


the Al-Cu alloy are shown in Fig.2; those for 


samples at 660° (b) and 805° (c). Al-Mg alloy in Fig.3. The spectrum of each 


Line pair: Cu 2246 - Al 2321 A. 


standard was photographed four to six times. 
Examination of the graphs shows that the 


influence of silicon on determination of copper in Al-Cu alloys virtually disap- 


pears at a melt temperature of 805°. Analogousl 
° y the influence of zinc in - 
sis for Mg in Al-Mg alloys disappears at 770°. ge 


- 1087 - 


Conclusions 


1. Spectrum analysis of molten duraluminun samples with spark excitation 


_can be realized with the same accuracy as analysis of solid samples. 


2. The influence of "third" elements in spectrum analysis of molten aluminum 
alloys with reference to arc lines in a Spark source disappears, which indicates 
that the influence of "third" constituents in a spark is connected with changes 
in the structure of the crystal lattice of the solid sample as the result of in- 
troduction of the "third" element into the binary alloy. Complete breakdown of 
the long range order in the metal by heating to 150-2509 above the melting point 
eliminates the influence of the "third" elements. 

3. Spectrum analysis of molten metals with spark excitation owing to the ab- 
sence of the effect of sparking, the influence of structure and liquation, in 
cases when the influence of ''third'’ elements is absent or negligible, is free of 
the systematic errors generally associated with analysis of solid samples. 

4. It would be desirable to test the feasibility of analysis of molten metals 
by the photoelectric procedure. There is reason to expect increased accuracy of 
the photoelectric technique as a result of elimination of the errors and uncertain- 
ties connected with the state of the sample. 


Moscow Aviation Technological Institute 
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SPECTROSCOPIC INVESTIGATION OF ELECTROEROSION OF OXYGEN-CONTAINING TITANIUM 
- N.S, Sventitskii & K, I,Taganov 


Investigation of electroerosional disintegration of metals and alloys can 
be realized either by direct spectroscopic observation of the discharge producing 
the erosion or by obtaining the spectra of the transport products deposited on 
the counterelectrode. We investigated samples of titanium containing from 0.12 
to 2.32% oxygen. All the samples had the same matrix and differed only as regards 
oxygen content and, consequently, hardness. 

We were not able to detect in the spectra of the erosion producing discharge 
any indications that would allow of correlating the erosion stability of the ti- 


tanium with the oxygen content. In the spectra of the transport products, however, 


the correlation could be established. In both cases the erosion of the samples 
was evaluated from the intensity of the titanium lines; the experiments were car- 
ried out with electric discharges in air. 

In the absence of contacts between the electrodes in a spark or ac arc dis- 
charge there is observed a decrease of transport with increase in the oxygen con- 
centration in the titanium (i.e., with increase in its hardness). This effect 
is evinced more stably if the samples are subjected to prearcing or sparking. 

The differences in erosion stability stand out particularly clearly, how- 
ever, in the case of contact-spark discharges. In this case the inverse depend- 
ence is observed: the transport of material increases with increasing oxygen con- 
centration. 

Calibration curves plotted in terms of "titanium line intensity vs oxygen 
concentration in percent" exhibit a relatively low concentration sensitivity and 
can serve only for evaluating the oxygen content. Observation of the regulari- 
ties involved is of interest, however, since in this case we find the analytic 
criterion not in the oxygen spectrum but in the spectrum of the matrix (titanium). 
This makes feasible spectroscopic investigation of the physical-chemical proper- 
ties of titanium on the basis of its electroerosional characteristics. 

We carried out experiments on evaluation of the effect of polarity in con- 
tact-spark transport of titanium to copper counterelectrodes in air and in carbon 
tetrachloride. The effect was evaluated from the ratio of the intensity of the 
Ti 2531.25 A line in burning in an are of the transport product from the cathode 
to the intensity of the same line in burning the transport product from the anode 
(e712) é 

It was found that in erosional discharges in air this ratio was 0.8 for a 
sample containing 0.12% oxygen and 0.5 for one containing 2.32% oxygen. In case 
of transport in carbon tetrachloride the respective ratios are 2.0 and 1.6. Thus 
the polarity effect is clearly evident: in air the anode is subject to the great- 
est disintegration; in carbon tetrachloride - the cathode. 

It was noted that the presence of calcium in the titanium samples noticeably 
affects the excitation of the spectrum of the oxygen present. Evaluation of the 
effect of polarity in contact-spark transport showed that in this case the oppo- 


site regularity obtains: in air the cathode is subject to the most rapid disinte- 


gration; in carbon tetrachloride - the anode (the calcium content in the samples 
varied from 0.3 to 0.9%, the oxygen content from 0.3 to 0.8%.) 

Hence we felt it would be of interest to determine the thermoelectric proper- 
ties of titanium samples with different percentages of oxygen and different calci- 
um contents. We found that there is a nearly linear relation between the oxygen 
content and the strength of the thermal current developed in the contacting cop- 
per-titanium couple. The results obtained for a titanium sample without calcium 


and with a minimal amount of oxygen fit the calibration curve plotted in "thermal — 


current” vs "oxygen concentration" coordinates for the samples containing differ- 


| 


4 
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ent amounts of calcium; the other calcium free titanium samples (those containing 
more than the minimal amount of oxygen) yield individual curves deviating from 
the above. 

Thus, in addition to showing the possibility of evaluating the oxygen con- 
tent in titanium on the basis of its electroerosional properties by spectroscop- 
ic observation, we have established the possibility of checking the oxygen con- 
tent of titanium samples on the basis of their thermoelectric properties. 


SPECTROSCOPIC INVESTIGATIONS OF THE EFFECT OF POLARITY IN ELECTRIC EROSION 
OF METALS 
- K. I, Taganov 


The effect of polarity in electric erosion of metals is evinced in the 
different rate of disintegration of the electrodes of different polarity. With 
changes in the different discharge parameters, there may occur inversion of the 
electric erosion, i.e., reversal of the Sign of the polarity effect. ? 

Earlier we showed that such inversion may occur in an arc discharge as a re- 
sult of change in the size of the interelectrode gap.l Thus in the case of a 


_copper counterelectrode, iron as the cathode was eroded to a greater degree than 


iron as the anode with gaps up to 1.5 mm. When the interelectrode distance ex- 
ceeded this value, the sign of the polarity effect was reversed. Later we ob- 
served variations in the effect of polarity of erosion also in contact-spark dis- 
charges with changes in composition of the counterelectrode or the magnitude of 
the inductance in the spark circuit.2 

In the present work we investigated some new factors influencing the polari- 
ty effect. The experiments were carried out by the counterelectrode procedure. 1 

The effect of polarity was evaluated quantitatively on the basis of the ra- 
tio I_/1I,), where I_ is the intensity of a chosen line in the spectrum of the 
products transported from the cathode and I, is the intensity of the same line 
in burning the products transported from the anode. The transport was realized 
to copper counterelectrodes from the same samples. 

We investigated the transport of zinc, iron and molybdenum, i.e., metals 
differing substantially as regards their resistance to electric erosion, in a 
low voltage pulse discharge. The experiments showed substantial quantitative 
differences in transport from the cathode and from the anode with changes in the 
discharge parameters. 

Increase of the interelectrode gap (at a voltage of 260 v and a discharge 
circuit capacitance equal to 1000 pf) leads in all cases to decrease of the 
material transport, particularly from the anode. For zinc in the same range of 
variation of the interelectrode gap (from 0.3 to 1.5 mm), the transport from the 
cathode remained virtually constant. This indicates predominance of the jet 
mechanism in the entry and transport of the material from the cathode in this 


4 type of discharge. 


Of considerable interest is variation in the character of the transport as 
a function of the polarity in the case of a pulse discharge localized on the sur- 
face of the investigated metal. For localizing the discharges we used insulat- 
ing bushings 1 mm thick with a central 1-2 mm diameter opening. 

For all the investigated metals, the transport increased with localization 
of the discharge, which is undoubtedly connected with concentration of the dis- 
charge energy on a limited section of the metal surface. With localization there 
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was also observed a substantial difference in transport from the cathode as 
against the anode. 

Localization of the discharge has a greater effect on increase of transport 
from the anode; in this case there is sometimes even observed inversion of the 
polarity effect. Thus, whereas the relative intensities of a number of spec- 
trum lines of molybdenum, iron and zinc are concerned, the values of I_/I, with- 
out localization of the discharge were equal to 8.1, 1.2 and 1.6, respectively, 
with localization the ratios were 0.4, 0.85 and 0.4 (voltage 260 v, capacitance 
of the discharge circuit 270 uf). 

All these factors and effects should be borne in mind in choosing the opti- 
mum conditions for the use of low voltage pulse discharges as a light source for 
spectrum analysis. 

Of independent interest are spectroscopic investigations of the effect of 
polarity in contact-spark transport. This is important both for selection of 
conditions for the burning of samples in spectrum analysis and for choice of the 
optimum parameters in electric discharge machining. Our experiments showed that 
a significant role in the polarity effect in contact-spark erosion of metals is 
played by processes occurring in the contact zone of two different metals. By 
way of illustration, one can cite the case of contact-spark transport in air from 
a bismuth electrode and an electrode of bismuth alloy with 5% tin onto a copper 
counterelectrode. Bismuth and the bismuth-tin alloy in contact with copper at 
the given polarity have opposite signs of the Peltier effect. 

As evaluated from the I-/I, ratio (Bi 3067.7 A line), it was found that in 
the copper-bismuth case the transport from the anode exceeds the transport from 
the cathode by a factor of 2.5, while in the second case (copper-bismuth alloy 
with tin) the transport from the anode exceeds the transport from the cathode by 
6.3. Consequently, the disintegration of the anode increases sharply with the 
addition of 5% tin. 

In interpreting the observed regularities we recall that in an electric dis- 
charge preferential evolution of heat occurs at the anode. If the transport is 
realized from the anode and Peltier heat is evolved in the discharge, the amount 
of transported material increases as a result of volatilization by this addition- 
al heat. If the Peltier heat under these conditions is of opposite sign, i.e., 
if there is Peltier cooling, the transport of material is reduced. The given 
phenomenon will act in the opposite sense in the case of transport from the cath- 
ode, thereby further enhancing the effect of polarity. 

We investigated the correlation between the spectroscopic evaluation of the 
magnitude of contact-spark erosion and the thermoelectric characteristics of the 
contacting metals. We measured the thermal current passing through a contact of 
the metal electrode with the investigated metal heated to 150°. In a number of 
cases we were able to establish a direct correlation between the magnitude of the 
thermal current and the concentration of a particular element. Moreover, the 
direction of the thermal current or the character of its variation in magnitude 
was found to be uniquely related with the experimentally observed change in the 
effect of polarity in electric erosion. 

In conclusion, we note that checking of the composition of alloys by measur- 
ing the thermal current may serve as a useful auxiliary procedure in spectro- 
analytic classification or sorting of alloys. Measurement of the thermal current 
may also serve as a means for checking and taking into account the influence of 
the Peltier effect on the results of spectroscopic analysis where the sampling 
is realized by the contact-spark procedure. 
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USE OF THE CONTACT-SPARK SAMPLING TECHNIQUE IN SPECTROANALYTIC STUDIES 
~ V.S.Burakov & A.A. Yankovskii 


In the present work we used the contact-spark sample dosage techniquel for 
investigating the variation of the spectrum line intensity with the amount of 
sample material burned in the spark or arc and the electric parameters of the 
light source. 

The magnesium, zinc, iron and aluminum samples were picked-off and transfer- 
red to a copper electrode with capacitances of 20, 40, 80 and 160 uf in the con- 
tact-spark sampling circuit. The conditions of Sample pick-off, burning the sam- 
ple and photographing the spectra have been described earlier2. The amount of 
sample material taken up and transported to the copper electrode was determined 
by dissolving it in acids and subsequent spectrum analysis of the solutions. 

It was established that with increase of the capacitance in the above men- 
tioned range the amount of transported material increases most for magnesium and 
least for aluminum. Specifically, with C = 80 uf there were transported 0.14 mg 
magnesium, 0.10 mg zinc, 0.035 mg iron and 0.025 mg aluminum during the same 
Sparking period. Tests showed that the amount of material picked-off can be con- 
trolled by varying the other electric parameters (V and L) of the contact-spark 
circuit. 

The samples were burned in spark and arc sources; the line intensity was 
compared with the amount of transported material. For a low voltage condensed 
spark the relation between the spectrum line intensity and the amount of materi- 
al burned in the source is more nearly linear, as a rule, than for an arc and a 
low voltage spark; this is probably due to the stronger reabsorption in the lat- 
ter sources, Hence in using the contact-spark sampling techniquel it is probab- 
ly expedient to perform the subsequent analysis with excitation by a low voltage 
spark. 

Naturally, the electric regime of the source has a significant influence on 
the intensity of the spectrum lines. Thus an increase in the current strength 
from 1 to 10 amp results in an increase in the intensity of the lines of Mg, Zn 
and Fe by a factor of 2 to 5. A similar increase in the line intensity of these 


_ elements in a low voltage spark occurs with increase of the circuit capacitance 


from 12 to 72 uf and in a high voltage condensed spark with an increase of C from 
0.005 to 0.02 pf. Our tests showed that when bulk samples are used the depend- 
ence of the line intensity on the electric regime of the source is much stronger. 
This is presumably connected with change in the amount of material taken up into 
the discharge. 

The observed increase in line intensity in burning dosed samples can be re- 
lated with variation in the temperature conditions in the discharge. For two 
close electric regimes of the source, the ratio of intensities of the spectrum 


lines is described by 
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1og = C(N,T)+0.43 1 ike (1) 


where Ij and Ig are the intensities of the chosen spectrum lines in the compared 
regimes, C(N,T) is a function of the concentration of the material and the tem- 


perature in the discharge for the compared regimes, and E; is the excitation ener- 


gy of the upper level. 

From the observed increase in the slope of the log (I1j/Ig) vs &; plots it 
follows that the temperature of the discharge increases with increase of the arc 
current. In view of this the intensity of the Mg, 4n and Fe lines increases. 

The variation in the line intensity in spark sources is also apparently as- 
sociated with variation in the temperature conditions of the discharge. In prac- 
tice, application of Eq.(1) is greatly hampered by the variation of temperature 
both in time and in different sections of the luminous discharge cloud. 3 

In a low voltage spark there are realized more favorable conditions for the 
excitation of arc and, particularly, spark lines. For example, in the case of 
burning of the same amount of magnesium, the intensity of the Mg II 2929 A line 
in the low voltage spark is approximately 10 times higher than in an arc and 4 
times higher than in a high voltage spark. 

Thus investigation of the burning of dosed amounts of material picked-off 
in contact-spark sampling shows that by appropriate variation of the electric 
parameters of the light source one can substantially enhance the sensitivity of 
analysis. Moreover, in the case of copper base alloys the dosed spark sampling 
procedure virtually eliminates the influence of the "third" elements.1-4 
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‘ANALYSIS OF AN OPTICAL SYSTEM FOR A MIRROR SPECTROGRAPH WITH LARGE PLATE LENGTH 


- S.A. Khrshanovskii 


Use of plane diffraction gratings! in conjunction with mirror optics makes 
it possible to design high quality spectrographs covering a wide range of the 


spectrum and at the same time 
sion2-4, 


possessing appreciable angular and linear disper- 
The length of a flat plate in such instruments, however, usually does 


not exceed 200-220 mm, which in some cases is insufficient for certain spectro- 
scopic purposes, for example, for investigating particularly complex spectra, etc. 
In view of this we undertook a theoretical and experimental investigation of 
different plane grating spectrographic systems for the purpose of clarifying the 
possibility of designing spectrographs with a large plate length without sacri- 


Meridional section 


Fig.1. Vertically symmetric spectrograph design®, 6, 

C - center of curvature of the mirror sphere (object- 
ive) M-M with radius R, S - entrance slit, G - dis- 
persing element, located at a distance A from the 
center O of the spherical mirror, F-F - gaussian 
plane of the optical system, Fmy-Fm & Fy-F, - theo- 
retical astigmatic focal surfaces (the formulas for 
their radii vectors are given in the footnote), P-P - 
surface of best focusing, 2/ - length of photographic 
plate, @ - angle of deflection of the dispersed bean, 
m, - collimating mirror, mj, Mg & mg - camera mirrors 
(see Fig.2), which are sections of one large spheri- 
cal mirror surface M-M with a total working length D. 


fice in the quality of the 
spectrum line image. In 
the initial stage of the 
study we turned to an in- 
vestigation of the proper- 
ties of the most commonly 
employed mount, which, ac- 
cording to the accepted 
system of classification®, 
is called the vertically 
symmetric design (Fig.1). 
Design analysis of 
the theoretical focal curve 
carried out for different 
versions of the system 
showed that the shape of 
the Fm-Fm, Fg7Fg and P-P 
curves (see Fig.1) and the 
degree of their deviation 
from the gaussian plane F-F 
depends greatly on the po- 
sition of the dispersing 
element, i.e., on the dis- 
tance A. A great advantage 
of the system under con- 
sideration is that for giv- 
en values of the radius R 
and plate length 2/1 one can 
obtain a practically accept- 
able distance A for which a 
spectrum of reasonably good 
quality is focused on one 
long flat photographic plate 
(or a number of flat plates 
set side by side). If one 


* 


*For convenience we give the formulas for these focal curves, which we de- 


AP A 


duced earlier®; iG 5 te 
. VTP 3c sin; é 
m 2 
R 4 
SS SS SSS ee 6=a—B8; 
"s 2 V 1— csin0 P 


here « is the angle of incidence on the grating and B® is the angle 


of diffraction. 


Fig.2. Mirror assembly of 
the experimental photograph- 


ic set-up.° 
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accepts a noticeable curvature of the focal surface, 
then one can obtain an extremely long plate length 
with a high quality image. This is realized by in- 
creasing the distance A, the upper bound for which, 
however, in going over to values of A> R/2 is soon 
imposed by practical design factors®. 

The quality of the line image in spectrograph- 
ic systems with an enhanced plate length was in- 
vestigated on a special experimental set-up®. The 
essential part of this set-up is the mirror assembly 
(see Fig.2) comprised of spherical mirrors, one col- 
limating mirror m, and three camera mirrors, M,, Mo 
and mx (see Fig.1). All these mirrors have the same 
radius of curvature and are adjusted so that their 
reflecting surfaces lie on a single common sphere. 
The side camera mirrors mj and mg can be displaced 
sidewise to a distance of at least 0.5 meters from 
the central mirror mg, which allows of obtaining 
photographs of narrow sections of the spectrum cor- 
responding to the edges of one meter-long photo- 
graph. In the accompanying table we give some of 
the results obtained on the set-up; these character- 
ize the quality of the image attainable in an opti- 


cal system with the following parameters: f'camera = f'co11. = 3000 mm; relative 
aperture 1:40; State Optical Institute 600 lines/mm plane grating; reciprocal 
linear dispersion in the first order 5.6 A/mm; slit height 10-15 mm. From the 
data in the table one can evaluate the quality of the image obtained with differ- 
ent values of the parameters A and 1. 


Distance 


2800 
2800 


2800 


2800 
2800 


1500 
1500 


1500 


1500/50 


0 
260 


0 
260 
900 


0 
0 


260 
0 


Resolved iron lines [|--——==————__- 


pe j f 

eparation between Quality of image 
(sharpness of 
lines 


lines 
Ar, A | Al, MM 


3099 , 971—3100 , 666— 


3025, 638—3025, 842A 0,20 0,035 Good 
0,20 0,035 Somewhat impaired 
0,33 0,060 
0,33 9080 |} Good 
3041 , 639/3041 , 738— 0,33 0,060 Slightly impaired 
3042, 022A but acceptable 
0,33 0,060 i 
0,35—0,43|0,065—0,075 | pproximately 
as above 
3100,304A(triplet) }|0,35—0,43|0,065—0,075| Noticeably impairc 
0,35—0, 43/0, 065—0,075| Strong arraies 


Our study shows that vertically symmetric mirror systems have 
an appreciable 
reserve of "quality", which makes it feasible in principle to utilize SyEtE of 
this type for the design of spectroscopic instruments (spectrographs, polychroma- 
tors and the like) with a great length of the simultaneously recorded plane spec- 


trum. 
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PHOTOELECTRIC EQUIPMENT FOR THE ISP-22 SPECTROGRAPH. 
A NEW METHOD OF AUTOMATIC SPECTROSCOPIC ANALYSIS OF ELECTROLYTES 
- Yu.A.Yakobi & S. I. Maksimov 


The photoelectric accessory for the ISP-22 spectrograph consists of a photo- 
electric attachment and two separate recording units of different types. The at- 
tachment contains one entrance slit which can be moved along the spectrograph 
guide rail to discriminate any desired spectrum line. Precise setting is made by 
» means of a micrometer screw; play is eliminated by a spring assembly. The light 
beam entering the accessory slit is detected by an FEU-18 photomultiplier, which 
is rigidly mounted in the slit housing. A spectrogram photographed on the same 
spectrograph and mounted on the outside of the attachment serves as the setting 
guide. The slit housing also carried a wavelength indicator and magnifier. Pre- 
cise setting of the slit is made with reference to an optical indicator tube (6E5), 
the control grid of which is coupled with the photomultiplier output. The initial 
wavelength setting of the entrance slit is realized either visually in the visible 
part of the spectrum or by means of a mercury tube and the indicator in the ultra- 
violet. Light scattered in the spectrograph is used as the reference signal. 

The use of a photomultiplier to detect the radiation made it possible to 
utilize relatively simple recording circuits. The first version of the recording 
unit operates on the principle described in Ref.1. The circuit incorporates a dc 
amplifier with feedback, which is cut off during the measurement. The unit is 
characterized by a high degree of stability (instrument error - 0.3%) and main- 
tains a constant reading value with variation of the absolute signal intensity in 
alto 50 range. To stabilize the photomultiplier sensitivity between readings 
it is illuminated by a small glow lamp mounted in the spectrometer housing. 

The second recording unit operates on the principle utilized in the work of 
Hasler et al2, but differs from the unit described by Hasler in that it has only 
one scaling channel, an analytic one. The advantage of this variant is its sin- 
_plicity. It consists essentially of a small attachment to a standard scaling 
unit. The instrument error of this recorder is 0.8%. 
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The photoelectric accessory as a whole was 
tested for stability by discriminating the Cu I 
2618.4 A line excited in a 0.4 amp arc. The error 
of the first recorder was 0.5%; that of the second 
1%. The equipment was then used for determining 
copper in lead in the concentration range from 
0.0025 to 0.16%. 

The potentialities of photoelectric spectro- 
scopic equipment can be utilized to the full only 
in conjunction with automation of the entire pro- 
cess of taking and preparing the samples. We under- 
took an attempt to realize an automatic unit for 
analysis of electrolytes. We tested different ways 
of obtaining a discharge directly on the surface of 
the electrolyte. We demonstrated the possibility 

5 i of realizing a discharge between two streams of the 

electrolyte; however, the brightness of the dis- 
charge in this case is very low because the major 
Diagram of electrolyte part of the voltage drop occurs in the electrolyte 
sampler unit. and also because of the negligibly low thermionic 
emission from the surface of the solution. 

We developed a method based on the use of an auxiliary insert electrode; the 
metal is deposited electrolytically on this electrode and then the same electrode 
serves for excitation of the spectrum. After the analysis, the insert electrode 
is electrolytically cleaned to remove the coating and is thus made ready for the 
next analysis. 

The use of this method enhances the sensitivity of analysis. As a result it 
becomes possible to reduce the discharge current and hence the erosion of the elec- 
trodes. The electrolytic cleansing procedure provides for complete removal of 
the preceding sample without recourse to mechanical abrasion or chemical reagents. 
In view of the fact that the discharge is realized on the electrolytic coating 
and the current is very weak, the insert electrode is well protected against the 
disintegrating action of the discharge, particularly with a sufficiently thick 
coating. For this reason possible contamination of the insert electrode plays 
no significant role. 

A diagram of the sampler is shown in the accompanying figure; the sampling 
section consists of two graphite disk electrodes rotating in the horizontal plane. 
Rotation of the electrodes minimizes erosion and gives rise to favorable condi- 
tions for obtaining a compact coating at high current densities. Graphite disks 
are highly resistant to chemical and electrochemical action of the zinc electro- 
lyte. The graphite disks are rotated by the motor 1 at the rate of 60 rpm. The 
motor is mounted in shelf 2, which can be raised and lowered by the reversing 
motor 3. The electrolysis and discharge voltages are brought in to the terminals 
4. Auxiliary graphite electrodes (5) are mounted in the electrolytic bath to both | 
sides of the sampler. Complete automation of the unit can be realized by appro- 
priate electro-mechanical programing of the equipment. 

The apparatus was used under laboratory conditions for determination of cad- 
mium in a zine electrolyte. The volume of the bath was 3 liters (flow through 
electrolyte). The density of the electrolysis current was 4200 amp/m2. The arc 
current - 0.5 amp. The measurement error was +5%. 
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; NEW PHOTOELECTRIC SPECTROGRAPHIC EQUIPMENT 
- M.M. Averbukh, N.V.Artsishevskaya, N.V.Belyaev, 
I, I.Erina, D.I.Pen'kov & I.G.Strel'tsov 


As part of a continuing program of research and development! there were re- 
cently designed two new four-channel instruments, the FESA-4 and FESA-4M. The 
recording arrangement in the new equipment differs from that used in earlier 
equipment in that battery supply of the amplifier is replaced by a regulated 
rectifier. 


FESA-4 Instrument 


The equipment consists of two units com- 
prising a DG-2 are power supply, a three-lens 
condenser system, the optical part of an ISP-52 
spectrograph with a UF-84 camera and UF-61 col- 
limator, a system with four entrance slits for 
disciminating the selected spectrum lines, and 
four StsV-4 photocells coupled to storing sys- 
tems. The indicating instrument is an M-91 
microammeter. The equipment is automated in 
the sense that the entire operation of the arc 
(ignition, preburning, exposure and switching 
off) is realized by a system of relays. The 
general appearance of the installation is shown 
ingriewl. 

Tests showed that the relative instrument 
error of the equipment does not exceed 0.5%. 
The results of test analyses of ferrous metals 
are shown in Table l. The relative error indi- 
cated in the last column pertains to samples 
containing medium concentrations of the deter- 
a Fig.1. FESA-4 installation. mined element. 


Table 1 
Results of tests of the FESA-4 
Interval of 
Analyzed material Determined determinable con- Relative error ,% 
element centrations, % 
-Malleable cast iron Chromium 0.036-0.11 6.0 
ShkKh steel % 1,.02-1.70 2.3 
High speed steel £ 3.52-7.50 2.5 
Special grade case iron fe 2.0 2.6 
Malleable cast iron Manganese 0.23-0. 49 Del 
 ShKh steel : 0. 58-1. 28 2.6 
’ G-13 steel u, 8.86-14.0 1.4 
Special grade cast iron > 0.8 4.0 
a. Tungsten 4,48-18. 46 3.0 
Reegesbecd. @rect Vanadium 0.82-3.12 3.6 
Special grade cast iron Nickel 16.50 1.8 
4 The exposure time can be varied from 45 to 90 sec. The total time required 


Vtor analysis of three elements from the time of delivery of the sample to the 
mer is ~5 min. 
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FESA-4M Instrument 


This equipment consists of four separate assemblies and differs from your 
FESA-4 as regards the optical system and design and arrangement of Ee individu- 
al units (see Fig.2). The spectroscopic section is based on the optics of the 
SL-3 Steeloscope. The instrument has provision for regulating the spectrum line 
intensity by means of a system of step weakeners. The equipment is appreciably 
simpler than the FESA-4 as regards fabrication, operation and adjustment. 


Fig.2. FESA-4M equipment. 


Table 2 
Results of tests of the FESA-4M 
Interval of 
determinable con- 
centrations ,% 


Determined 
element 


Analyzed material Relative error,% 


Malleable cast iron Chromium 0.036-0,. 20 5.9 
Grey iron a 0.19-0.68 4.3 
Structural steel % 0.7-1.88 4.3 
Malleable cast iron Manganese 0.23-0. 70 5.0 
Grey iron MN 0.45-1.23 4.0 
High speed steel Tungsten 4,10-11.57 323 

Vanadium 0.82-3.10 5.6 

Zinc 3.46-8.80 4.0 
OTsS 5-5-3 bronze Tin 2.07-4. 73 6.7 

Lead 2.65-6.67 3.6 


The results of tests of the FESA-4M for routine analyses of ferrous and non- 
ferrous metals are shown in Table 2. The exposure time can be varied from 25 to 
60 sec. The total time required for determination of three elements from the time 
of delivery of the sample to the laboratory is ~4 min. 


Scientific Research Institute of Automobile Industry Technology 
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ANALYSIS OF HEAT RESISTANT AND LIGHT ALLOYS AND STEELS 


BY THE PHOTOELECTRIC PROCEDURE 


- K.A.Sukhenko, K.A. Moiseeva, L.D,Metalina, 


I.G.Tishin, N.V.Penkina & D.G.Bakanov 


In view of the fact that spectroscopic analysis of certain alloys was inade- 
quate to meet the industrial requirements, we developed analytic procedures based 
on the use of a photoelectric steelometer bearing in mind that with the steelo- 
meter one can determine the various elements only in sequencel, 


Analysis of nickel alloys 


Table 1 


Alloy Current, 


amp 


Counterelectrode 


Slit width, mm 
material (8mm dia) 


entrance 


exit 


Nickel Copper 0.07 
Aluminum "00" aluminum 0.08 
Magnesium Pure magnesium 0.08 
Steels Copper 0.08- 
-0.115 


In analysis of nickel base alloys, the aluminum was determined on the basis 
of the Al 3961.52 A line and the titanium with reference to the Ti 4681.9 A line. 
The most accurate results were obtained with a copper permanent electrode with a 
hemispherical tip. We also tested nickel and carbon electrodes. 
conditions are listed in Table l. 


The spectra were excited by a: GEU-1 source unit connected to produce an arc; 
ignition phase - 90°, voltage - 220 v, arcing time - 10 sec. 


The analytic 
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Fig.l. Shift of working curves with time for aluminum (a) and nickel (b) base al- 
. loys. 
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For different series of measurements there was ob- 
served a parallel shift of the working curves, also a 
minor change in their slope (Fig.1). The reason for 
the shift of the curves was not determined. Tempera- 
ture fluctuations in the laboratory did not exceed +1%. 
The working curves were plotted daily and checked at 
least two times per working shift. The accuracy in 


9 

8 determining aluminum was +1.2%; titanium +4.0%. 

7 A large number of nickel alloy samples was analyZ- 

5 ed by the developed procedure. The influence of “third” 
elements was brought out by comparison of the working 

j curves for samples of different composition (Fig.2). 

4 

I= ne ET $O% Analysis of aluminum and magnesium alloys 

Fig.2. Working curves The analytic lines with reference to which one can 

for determination of obtain the best results in determining Mg, 2n, Si and 

Al in three different Cu in aluminum alloys and Al in magnesium alloys are 

nickel alloys. listed in Table 1 together with the determinable concen- 


tration ranges and the relative analytic errors (based 
on 60 determinations). 
The curves for determination of Si in aluminum alloys Al-9 and Al-5 and in 
duraluminum exhibit a small parallel shift. To obtain a higher accuracy it is 
necessary to use standards of the same alloy as the sample. 


Table 2 


Relative analytic 
error, % 


Range of determinable 
concentrations, % 


Determined 


Analytic line, 


Copper Cu I 5218.202 +3.2 
Magnesium Mg I 5172.699 +3.0 
Magnesium Mg I 5528. 461 +3.0 
Zinc Zn I 4722.150 +4.0 
Silicon Si I 3905.52 +3.5 
Aluminum 1 3961.52 +2.5 


Analysis of steels 


The chosen analytic lines, the ranges of determinable concentrations and the 
accuracy of analysis of steels for tungsten, chromium, manganese, and silicon 
are given in Table 3. 
Table 3 


’ Range of 


D : 
seat cit oe determine | Relative 
s able con— }error, % 


centratim 


Tungsten W 4659,86 2,0— 
Grl 5208, 04 = ae ie 
reheskae rl 5208, 43 3 : 
att | Cr 5345,80 8,0—27,0 +2,3 
cet Cri 5348, 34 : 
lang Mn 4783, 42 0,2— 
Silicon Si 3905,52 01-3'5 $75 
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; We note that in our experience determi 


alloy steels and also in nickel and aluminum alloys without refacing the samples 
‘after determination of each element substantially reduces the total analysis time 
per sample, although it does introduce a small additional error. 


nation of two or three elements in low 


Use of the photoelectric attachment to the ISP-22 spectrograph 
ES PEPER epee perma emma pecan ge pony pence pec eniaate Alster Nek. sdietiat loli = Sodotel aia 
for analysis of aluminum and Magnesium alloys 
— eet um ALLOYS 


We are now able to give the results of tests of the photoelectric attachment 
to the ISP-22 quartz spectrograph2,3, The light detectors in this attachment are 


special Geiger-Muller type counters which allow of recording radiation in the 
wavelength range from 2000 to 2900 &. 


Table 4 
Aluminum alloys Magnesium alloys 
Souree (elements determined and ana (elements determined and ana- 
lytic pairs) 


IyuLe palre* 


A12631,5 | Zn2502 |Cu2136,99) Si2516,4 


parameters 
Mg2790,8 | Fe2599,6 | Ni2310,9 |Mmn2593,7 | Cr2677,4 
A12378,4 | A12321,6 | Al2575,1 | A12324,6 | A12324,6 


IG-2 spark unit, V = 200 v, C = 0.005 uf 


Inductance,mh| 9 0,05 0,05 


0 0,05 0,05 0,45 
Current, amp 4 A 2 4 4 4 4 
Standard 
error, % 5,0 5,0 5,0 5,0 3,0 6,0 5,0 
Arc with electronic ignition control 
Current, amp] 4,5 ees 4,5 9 4,9 
Standard 


error,%|! 6,0 3,0 5,0 4,0 4,5 


*The Mg alloys were analyzed on the basis of the absolute line intensities. 
_ 


The instrument error amounts to 2.5-3.0%. We used three different types of 
source units, namely, a DG-1l arc generator, an IG-2 spark unit and an arc genera- 
tor with electronic control of the ignition, constructed in collaboration with the 
"P.M. Lebedev” Physical Institute of the USSR Academy of Sciences. The highest 
analytic accuracy was obtained with the last two sources. The attachment was not 
insulated against temperature fluctuations, hence we used wide entrance slits 
(0.2 mm). 

' a results of analysis of aluminum and magnesium alloys obtained with the 
-IG-2 spark source and the electronically controlled arc generator are shown in 
Table 4. 
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PHOTOELECTRIC STEELOMETER WITH VISUAL MONITORING OF THE POSITION 
OF INVISIBLE SPECTRUM LINES 
- M.M.Butslov, A.K.Vinogradova, L.M. Ivantsov, G.N.Kutuzova & S.L.Mandel 'shtam 


The usefulness of the photoelectric FES-1 steelometer can be greatly extended 
by replacing the glass dispersing optics by quartz optics or a diffraction grating.. 
Until recently, the obstacle to such modernization of the FES-1 steelometer was 
the lack of a reliable method of monitoring the position of invisible spectrum 
lines relative to the exit slit. This problem can now be solved by means of mod- 
ern image converter tubes. 

We developed and tested two operating versions or models based on the FES 
instrument, in which the position of the spectrum is monitored by means of an in- 
age converter with a cesium-antimony cathode and a uviol window. The converter 
provides for visual observation of the spectrum in the wavelength range from 2400 
to 6000 4. The two versions are diagrammed in Figs.l & 2. 


Fig.1. Optical system of model No.1: 1 - dispersing system, 2 - entrance 8 Oe Ih ae, 
3 - source, 4 - condenser, 5 - quartz plate, 6 - concave mirror, 7 - lens, 7a - 
plane mirror, 8 - photocell, 9 - exit slit, 10 - photocell, 11 - image converter, 
12 - concave mirror, 13 - cylindrical lens. 
Fig.2. Optical system of model No.2; component designations same as in 
Fig.1 except 7 - prism-lens. 


Essentially, the instruments are constant deviation monochromators. Displace- 
ment of the spectrum relative to the exit slit is realized by rotation of the dis- 
persing system 1. The entrance slit 2 is illuminated by the source 3 through the 
condenser 4 with cylindrical optics. 

The intensity of the analytic lines is compared with the intensity of a 200- 
300 A section of the spectrum discriminated by the quartz plate 5. The wavelength 
of the analytic line is always close to the median wavelength of the comparison 
section. 

The cathodes of the photocells are illuminated by an image of a cross section 
of the light beam in plane HH, where the light intensity distribution varies very 
little with minor displacements of the source relative to the optical axis. 

The observer checks the setting by observing the image (on the converter 
screen) of the spectrum lines visible through the rectangular opening (area 2 mm2) 
framed in the exit slit 9. The analytic line is assumed to be in the workin o- 
sition if its image on the converter screen is located symmetrically DSS He a 
the slit edges. The image of the exit slit and spectrum is focused in the plane 
of the photocathode of the converter 11 by means of the concave mirror 6 mie 
working light signal is directed onto the photocell 8 by the prism-lens eat 
7 from sections of the slit lying outside the “picture” observed through the soe 
verter. Thus the position of the spectrum lines can be monitored both before 
and during the process of measurement. 
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The principal characteristics of the t 
Model 1. Mirror objective of collimat 
quartz prism: refracting angle 60° 


wo versions are the following. 

or & tube: 40 mm diameter, f = 600 mm; 

» principal face 47 x 30 mn; effective height 

of entrance and exit slits 6 m. The values of the reciprocal dispersion are 
3.18, 5, 8.5, 21.4, 55.5, and 130 A/mm for wavelengths of 2013, 2230, 2540, 3080 
4075 and 5880 A, respectively. ; 

Model 2. Mirror objective of collimator & tube; 120 x 120 mn, f = 750 mn; 
60 x 50 mm grating with 600 lines per mm; effective height of entrance and exit 
slits 40 mm; concave spherical mirror, 50 mm dia., f' = 200 mm. The values of 
the reciprocal dispersion are 21.96, 21.85, 21.175, 21.57 and 21.4 A/mm for wave- 
lengths of 2000, 3000, 4000, 5000 and 6000 A, respectively. 

The image converter allows of observing fine details in the structure of 
complex spectra, in particular, the spectrum of iron. Thus, for example, the 
4872.1 A and 4871 A lines of iron are readily resolved on the screen of the con- 

_ verter in model 2. With an entrance slit width of 0.02 mm the brightness of the 
iron spectrum on the converter screen in the 3000 to 4200 A wavelength range is 
excessively high; in the other regions of the spectrum, the brightness is ample 
for visual work. 

In our opinion image converters of the type used in our model instruments 
are devices with a great future. Through their use one can greatly simplify 
alignment and adjustment of optical and spectroscopic instruments for the ultra- 
violet. Image converters should prove particularly useful in visual monochro- 
Matic and heterochromatic photometry of ultraviolet radiation. Ultraviolet con- 
verters will undoubtedly find many other applications in optics and spectroscopy. 

We tested both versions of our instrument under laboratory conditions. The 
spectrum was excited by means of a DG-1 arc source with a current strength of 4 

_amp. The tips of the steel rod electrodes were milled to hemispheric shape and 

mounted at a distance of 3 mm from the flat surface of the samples. 

As a result of thermostatic temperature control of the model assemblies as 
a whole, the temperature shift of the spectrum lines with time was reduced to 2 [Le 
_ With an exposure time of 30 sec, the electric signal due to the dark current and 
* scattered light amounted to 0.002-0.003 v. The signal associated with a line of 
average intensity falls off from 7 to 0.3 v as one progresses into the ultravio- 
let region. This falling off in the signal strength is due to selective losses 
at the mirror surfaces and decrease of the photocathode sensitivity. 

The cited data may serve as a basis for evaluation of the spectral sensitivi- 
ty of model instruments in determining small concentrations of impurities. Speci- 
al control experiments showed that the chosen procedure for monitoring the posi- 
tion of the spectrum insures fully satisfactory reproducibility of photometric 
measurements. 
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ON STABILIZATION OF THE POSITION OF THE SPECTRUM BY THERMOSTATIC EQUIPMENT 


FOR SPECTROSCOPIC INSTRUMENTS 
- A.P.Atamanov, V.N.Balandin & L.M. Ivantsov 


Shifting of the spectrum relative to the exit slit due to temperature varia- 
tions in the spectrometer room seriously impairs the accuracy of photoelectric 
spectrographic equipment. 

We studied the feasibility of stabilizing the position of the spectrum by 
enclosing the equipment in a thermostatic chamber. The air space between the in- 
strument and the thermostat was automatically maintained at a constant temperature 
by an electric heater controlled by a thermometric switch. After a certain time 
the spectrometric equipment came to the temperature to which the thermometric 
switch was set. The thermal "inertia" of the air layer is very small compared 
with that of the instrument. Hence the automatic heater control is very sensi- 
tive to variations in room temperature. The temperature sensitivity of the thermo-. 
static installation increases with decrease of the air space inside it. Given the 
dimensions and shape of the thermostatic chamber and the spectrograph, one can 
easily calculate the characteristics and operating periods of the heater for the 
case when the instrument has already reached the temperature of the air layer, 
while the room temperature remains constant. If the thermometric switch is lo- 
cated much closer to the heater than the spectrometric instrument, such calcula- 
tions give fully satisfactory results, even if made on the basis of the rough 
assumptions that 1) the heat from the heater is transferred only owing to the 
thermal conductivity of the air and 2) the thermostatic chamber is filled only 
with air. 

The calculated and measured heater operation periods for the first installa- 
tion were 5 and 5 minutes; for the second - 10 and 8 minutes, for the third - 12 
and 12 minutes; the intervals between heating periods were 85 & 120 min, 200 & 

150 min and 150 & 120 min. 

We designed and constructed thermostatic chambers for 6 different spectro- 
graphs. Three of these weighed 400 to 450 kg and had a volume of 0.25 cubic meters: 
each. The weights of the fourth, fifth and sixth instruments were 100, 60 and 30 
kg; the volumes, 0.08 and 0.05 cubic meters. Thus the protected equipment differ- 
ed substantially as regards both mass and dimensions. The installations were 
tested both in the Institute and under plant laboratory conditions with tempera- 
ture differentials of up to 20°. 

Thermostatic chambers Nos.1,2,3,4 & 6 were made in the form of wooden boxes 
lined on the inside with layers of asbestos, sheet iron and felt. The thermostat- 
ic chamber of installation No.5 was a casing made of thin dural lined on the in- 
side with 3-4 mm thick asbestos sheets. All the thermostatic chambers had win- 
dows 30-50 mm in diameter for admitting the radiation. The heater coils were 
mounted on the walls of the chamber. For the tests,a thermometer was mounted on 
the frame of the spectrograph. 

Curves a and b in the accompanying figure characterize the temperature varia-_ 
tion and shift of the Hg 2573 A line in the initial process of heating of instal- ; 
lation No.1 and subsequent operation. Forty hours after the beginning of the test 
the room temperature was reduced from 23 to 7° and maintained at this low level | 
for over 2 hours. | 

Despite this, the temperature fluctuations after the initial period did not 
exceed 0.1°, while the mean shift of the mercury line was only 2.5 uw. A compari- 
son of curves b and c shows that variations of 5-10 mm Hg in air pressure do not 
result in any noticeable shift of the spectrum lines. Comparative series of 
tests involving stirring of air in the chamber by means of a fan and relying ex- 
clusively on natural heat exchange. by convection gave virtually identical results. 
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Performance of installation No.1: a - stabilization of temperature with time; b - 
stabilization of spectrum position with time, c - variation in atmospheric pres- 
sure with time. 


Prolonged testing of the other five installations yielded results differing 
little from those for installation No.1, except, of course, that the time to at- 
tain the set temperature varied in accordance with the mass of the spectrometer. 
The respective times to constant temperature were 20 hours for No.1, 18 for No. 
2, 22 for No.3, 31 for Nos.4 & 5 and 24 for No.6. 

The results of our tests give reason to hope that it may prove feasible and 
_ technically worthwhile to provide similar thermostatic installations for large 
spectrographs such as the DFS-10 which, as is known, has a weight of 1.5-2 tons 
and a volume of about 1 cubic meter. 


Wd 


PHOTOELECTRIC ATTACHMENT FOR ISP-22 TYPE MEDIUM SPECTROGRAPHS 
- L.M. Ivantsov & A.I.Sherudilo 


The photoelectric attachment 
—_4—’ for medium spectrographs of the 
aoe bee ISP-22 type developed and tested 
ape | by us differs substantially as re- 
PIS gards both design and operating 
10 characteristics from similar at- 
os tachments of foreign manufacturet. 
= 43 The optical system of the at- 
tachment is diagrammed in Fig.1. 
| \ The arc discharge 1 illuminates 
: 9 the spectrograph slit through the 
antivignetting lens 2. The quartz 
6 plate 3 is mounted in 
Fig.1. Optical system of the photoelectric attachment for the focal plane a 
the ISP-22 spectrograph: 1) source, 2) antivignetting lens, the spectrograph; the 


3) interchangeable plane-parallel quartz plate, 4) exit plate is coated with 
slits cut in opaque aluminum coating on plate 3, 5) plane an opaque layer of 
mirrors, 6) photocells, 7) entrance slit, 8) dispersing aluminum in which 


prism, 9) monitoring microscope, 10) camera lens. there are cut the 
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exit slits 4. For work with close spectrum 
f lines, slits of half the normal height can be 
provided. The mirrors 5 reflect the light pas- 
sing through the slits in the direction of the 
corresponding STsV-6 phototubes 6 connected with 
storage capacitors. Automatic temperature sta- 
bilization of the spectrograph serves to suppress 
thermal shift of the spectrum lines. The thermo- 
static chamber has appropriate windows for pas- 
sage of the light beam and access hatches. It 
was established by photographic tests that changes 
in the width of the entrance slit, removal and 
Fig.2. ISP-22 spectrograph in re-installation of the prism table and jarring 
thermostatic chamber with photo- of the spectrograph housing do not result in any 
electric attachment installed. displacement of the spectrum lines. The spectro- 
graph is loaded with a metallic plate which car- 
ries guide rails for attaching the interchangeable slit plate. None of the other 
components of the attachment are in direct contact with the spectrograph. The de- 
sign of the attachment provides for accurate and reproducable positioning of each 
slit plate and rapid interchange of the plates intended for analysis of different 
alloys. Thus in converting from analysis of one alloy to analysis of another in- 
volves no time consuming fine adjustment for discrimination of the chosen lines. 
Preliminary adjustment, i.e., positioning of the spectrum relative to the slits, 
is realized with reference to a visible line by means of the monitoring micro- 
scope; the final fine adjustment is made with reference to the photoelectric indi- 
cations. 

Fig.2 shows the photoelectric attachment mounted on an ISP-22 spectrograph. 

We also developed and tested special equipment for cutting the exit slits 
according to a given spectrogram. The spectrogram and the aluminized quartz plate 
are mounted on the table of a microphotometer. The slits are cut by a tool clamp- 
ed in a braced support mounted on the microphotometer bed. The cut is made when 
the selected analytic line in the spectrogram is photoelectrically disciminated. 
The requisite curvature of the slit is insured by a special templet. About 50 
slits 18 mm in length and with a minimal width of 0.01 mm can be cut without re- 
sharpening the tool. The minimum separation between slits for which there is no 
noticeable deviation from parallelism with a magnification of 25 X is 0.01 mn. 

The displacement of the center of the slits relative to the center of the corre- 
sponding line on the spectrogram did not exceed 1-2 p. No noticeable difference 
in the widths of 0.03 mm wide slits from one end to the other was detected visual- 
ly at 25 X magnification or by means of a comparator. 

The photoelectric attachment has successfully undergone laboratory tests. 
After temperature stabilization of the spectrograph, the relative line intensity 
in different channels does not vary with time within the limits of the reading 
error. The signal value in different channels with an exposure of 60 sec and 
storage capacitors with a capacitance from 300 to 1000 pf was 0.5 to 2.5 v. The 
signal level due to scattered light, dark current and leakage does not exceed 
0.005-0.007 v. Five successive measurements with the slit plate removed and re- 
installed between each measurement gave readings of 2.91, 2.91, 2.91, 2.87 and 
2.91 v, respectively. 

The reproducibility of the intensity ratio for a number of iron lines evalu- 
ated from the results of a large series of measurements was found to be 0.5-0. 7%. 
The intensity ratio of one of the line pairs measured on successive days fluctu- 
ae Wee the following ranges: 3.40 + 0.02, 3.37 + 0.02, 3.37 + 0.02 and 

‘ + 0.023. 
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SPECTROSCOPIC DETERMINATION OF OXYGEN IN COMMERCIAL GRADE TITANIUM 
~ K.A,Sukhenko, V.S.Grigorova, I.S,Lindstrom, N.S.Sventitskii & P,P.Galonov 


In recent years there have been published a number of reports on spectroscop- 
ic determination of gases occluded in metals!7§ and, in particular, of determina- 
tion of oxygen in titanium. Of particular interest is the report of Fassel & 
Gordon’ in which the authors describe an emission spectrometric method for deter- 
mining oxygen in titanium and its alloys, based on excitation of the spectrum by 
a de arc burning between carbon electrodes, a hollow in one of which contains the 
titanium sample in a platinum cup. The intensity ratio of the 0 I 7771.9-A I 
7891.1 A lines is correlated with the oxygen content in the Ti sample. The range 
of determinable concentrations extends from 0.035 to 0.56%. The fact that the 
points for samples of different composition fit a single callibration curve led 
the authors’ to infer that the influence of "third" elements is negligible. The 
oxygen content was determined with an accuracy comparable with the accuracy of 
the vacuum melting and bromine reduction procedures but required much less time. 
Unfortunately, this spectrometric method involved the use of very complex equip- 
ment, which virtually precludes its employment under industrial conditions. 

For the purpose of determining oxygen in titanium we prepared a series of 
samples of commercial grade titanium with oxygen contents ranging from 0.01 to 
2.0%. The preparation procedure was the following. The titanium sponge was 
~ mixed with TiO s in proportions corresponding to the desired oxygen concentration 
and the mixture was compacted cold. The electrodes obtained in this manner were 
remelted twice: first in an atmosphere of helium (160 mm Hg) and then in vacuum 

(~1072 mm Hg), for the purpose of insuring uniform distribution of the oxygen. 
The resultant bars were then forged into rods of the requisite diameter, 

We then used these standards: 

1) To investigate the influence of "preliminary treatment” of the sample 
surface by the discharge. 

2) To investigate the influence of vacuum heating on the concentration sensi- 
tivity of the oxygen lines. 

3) To select the optimum excitation conditions for the oxygen lines. 

In selecting the optimum conditions, we paid particular attention to deter- 
mining the type of discharge with which one can obtain the best concentration 

sensitivity of the oxygen lines. Most of the experiments were carried out with 
a low voltage pulse generator since a pulsed source gives a favorable combination 
of sufficiently intense disintegration of the sample and a very short discharge 
time. 2 

The electrodes were mounted in a special bulb which was evacuated to 10 
mm Hg. The sample was connected as the cathode; the anode was a carbon rod with 
a truncated cone tip. The experiments showed that the use of a pulse discharge 
in itself does not insure obtaining an adequate concentration sensitivity. Only 
when the pulse discharge was used in conjunction with preliminary treatment of 
the sample was there obtained a noticeable concentration dependence both as re- 
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gards the 0 I 7771.9 A line (proposed by N.G. Isaev) and as regards the 0 II 4705.3 
A line. The preliminary treatment consisted of cleaning the sample surface by 
pulse discharges at low pressure under conditions of continuous pumping of the 
bulb followed by sparking of the sample surface (spark from an IG-2 spark source) 
in an atmosphere of helium at approximately atmospheric pressure. Even in this 
case, however, the slope of the working curve is very flat and essentially inade- 
quate for quantitative analysis. 

We then undertook investigation of the influence of heat treatment designed 
to favor the entry of oxygen into the discharge through modification of the tita- 
nium. In this treatment the samples were heated in vacuum at 930° for 6 and 88 
hours. Figs.l & 2 show micrographs of the structure of samples with the highest 
and lowest oxygen concentrations before and after heat treatment. Tests of heat 
treated samples carried out under the conditions described above showed that this 
type of heat treatment has no significant effect. 


Fig.2. Structure of sample No.584 (2% oxygen): a) before and b) after heating. 


The next step in the research was selection of li i 

: ght sources insuring opti- 
mum iy SET conditions. Experiments showed that it is expedient to cae “ . 
source e acts for a prolonge i 
Ents p ged period on the sample, specifically, a low voltage 
ne The use of a low voltage spark generator® enabled us to obtain a concentra- 
f on dependence of the line intensity for oxygen in the concentration range from 

-l1 to 1.0%. A working curve based on several spectrograms is shown in Fig.3 
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This curve was obtained under the following condi- 


los Meee tions: excitation source - low voltage spark, C = 
Liga = 150 uf; ignition adjusted for two discharges per 
-Q2 half cycle. The exposure time was 0.6 sec (con- 
i, trolled by a time relay in conjunction with a mag- 
: or77719 netic starter). The spectra were recorded on an 
-Q6 ISP-51 spectrograph with a f = 270 mm camera. Slit 


width - 0.05 mm; counterelectrode - carbon rod with 


“G8 truncated cone tip; gap - 1 mm. The discharge bulb 
10 was first evacuated to 1072 mm Hg and the discharge 

then realized in an atmosphere of helium at 700 mm 
eZ Hg. The standards were samples of commercial grade 


“09 -Q7 -05 -Q3 -01 Qfilog C titanium with different percentages of oxygen estab- 
lished by the vacuum melting procedure. The analy- 


Fig.3. Averaged working tic line was the 0 I 7771.9 A line. The continuum 
curve for determination of background was utilized as the internal standard. 
oxygen in commercial grade Tests with different low voltage spark sources 
titanium: 0 I 7771.9 A showed that the DG-1 are generator connected for 

) line/background. low voltage spark operation is suitable for excita- 


tion of the oxygen lines. : 
Although our preliminary results are positive and promising we feel they re- 
quire further checking. There is not sufficient basis yet to regard the low 
voltage spark excitation variant as the best; we are Carrying out further research 
on sources. It is also necessary to evaluate the influence of a number of factors, 
_to minimize the deleterious contamination of the carbon electrode, and to enhance 


the concentration sensitivity in the range of oxygen concentrations under 0.2%. 
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CONCERNING SPECTROSCOPIC DETERMINATION OF OXYGEN IN TITANIUM 
~ N.S.Sventitskii, K.I.Taganov & Z.1.Shlepkova 


Spectroscopic determination of oxygen bound in titanium is seriously hinder- 
ed by the low concentration sensitivity of the oxygen lines. The slope of the 
working curve for oxygen in titanium is only about 0.35 (Ref.1), whereas the plot 
for determination of oxygen in steel has a slope of 0.8 (Ref.2). 

A somewhat better concentration dependence is obtained in the case of prelimi-- 
nary extraction of the oxygen with subsequent excitation of the gas mixture. 314 
The preliminary extraction procedure is, however, complicated and requires the use 
of a special platinum bath, so that it is highly desirable to develop an analytic 
procedure combining extraction of the gas with excitation of the spectrun. 

It was suggested that the reason for the low concentration sensitivity is the 
stability of the titanium oxide (either present in the metal or forming under the 
influence of the electric discharge). To check the validity of this suggestion 
and determine the most favorable conditions for obtaining spectra we observed the 
relative intensities of the Ti II 4571.9 and Cu II 4555.9 A lines in the spectra 
of compacted briquettes of copper powder with 0.5 to 5% titanium dioxide. Since 
the copper powder was free of titanium, it was assumed that titanium could enter 
the light source only from its oxide. In view of this the given experiments could 
be carried out in air. 

The results obtained indicate that the lines of titanium appear in different 
light sources but that they are most intense in a pulse discharge: 


Light source log TTil14571.9 
Teull4555.9 
De are; 120 v, 2 amp -0.18 
Arc from DG-1 arc unit; 220 v, 2 amp -0.15 
Spark from IG-2 spark unit, 0.02 pf, 0.05 mh +0.37 
High frequency spark; 220 v, 0.02 uf -0.09 
Pulse discharge, 270 v, 1000 uf +0.47 


Similar results were obtained for the Zr II 4156.2 and Cu II 4909.0 A lines 
in the spectra of pellets containing Zr0o. 

Thus the experiments showed that the metal from stable titanium and zirconium 
oxide does enter the discharge in appreciable amounts in the case of pulse and 
spark excitation. Consequently, the bound oxygen must also enter the discharge 
cloud. 

In the case of excitation of the spectra of the same pellets by a pulse dis- 
charge in an atmosphere of hydrogen,the 0 II 4596.13 A line was very weak (unfor- 
tunately, the more intense 0 II 4705.3 A line coincides with a copper line). The 
oxygen is evinced more strongly by the 0 I 7771.9 and O I 8446.4 A lines5 in the 
case of excitation by a high voltage spark. 

If it is assumed that the pellets employed are equivalent to alloys, the con- 
centration sensitivity for oxygen is evaluated to be 0.34. With excitation of 
the spectra by a pulse discharge with C = 1000 uf there was obtained a working 
curve with almost the same slope, namely, 0.39. 

Flat working curves (slope ~0.3) are also obtained for both the are and spark 
lines of oxygen in the spectra of samples of metallic titanium containing 0.33 to 
0.80% oxygen with excitation by a pulse discharge and a high frequency spark. The 
last experiment was repeated with two series of commercial grade titanium samples 
containing from 0.12 to 2% oxygen. There was observed an appreciable decrease in 
the oxygen line intensity and virtually a complete loss of concentration depend- 


ence (the slope of the working curve was only about 0.14). Comparative analysis ) 
| 


a La i 


of the samples showed that the first set differed from the second by the presence 
of calcium, the concentration of which varied from 0.30 to 0.48% in parallel with 
the variation of oxygen. 
The experiments were repeated with more careful preparation of the electrodes 
and the medium. The discharge tube was evacuated to 1074 mm Hg, the carbon elec- 
trodes were heated in vacuum, and the exposed surfaces of the samples were clean- 
ed with a glow discharge in low pressure hydrogen. Specifically, we investigated 


the intensity of the 0 I 7772 line obtained in the spectra of discharges between 
electrode pairs of different materials. 


1017772 
Counterelectrode material 

a a iets ae 
Spectroscopic carbon -0.46 
Tungsten +0.02 
Pure aluminum +0.19 
Iodide titanium +0.23 


These experiments again showed that it is expedient to use carbon electrodes. 
As before, however, the samples without calcium showed a very weak concentration 
dependence. 

In the course of the experiments it was found that after four minute exposure 
to a high frequency spark in hydrogen at normal pressure the intensity of the oxy- 
gen line in pulse discharge (C = 400-500 uf) spectra increases noticeably and the 
concentration sensitivity rises to 0.32 (instead of 0.14 without preliminary spark- 
ing). In contrast, samples containing calcium yield a working curve with a slope 
of 1.3 after the same spark treatment. 

: The experiments on the whole show that the spectrum of oxygen from TiO, is 
Satisfactorily excited in both pulse discharges and other light sources. The oxy- 
gen from metallic titanium, however, is evinced with a very low concentration de- 
pendence of its lines although this concentration dependence does increase some- 
what with decrease in the energy of the exciting pulses and as a result of pre- 
‘liminary sparking with a high voltage spark. 

It may be hypothesized that only a small fraction of the oxygen extracted 
from metallic titanium by a pulse discharge directly enters the discharge cloud. 
Most of the released oxygen forms oxides on the surface of the electrode and these 
become the primary source of oxygen in the subsequent excitation. 
| The role of calcium in the process is interesting but still far. from clear; 
it appears to act as a "carrier in the excitation of the oxygen spectrum. 
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ON THE USE OF THE SPECTRA-ISOTOPIC PROCEDURE FOR DETERMINING HYDROGEN 
- T.F. Ivanova, M.E.Trentovius & V.V. Fedorov 


To hf generator 


~ To fore vacuum 
pump 
Fig.1. Vacuum system of the spectro-iso- 
topic equipment: 1 & 2) capillary comb 
assemblies, 3) discharge tube, 4) ex- 
changer, 5) deuterium tank, 6) pressure 
gage, 7) vacuum meter tube, 8) ballast 
tank. 


In the present research we used 
a modification of the spectro-isotopic 
apparatus described by Zaidel' and his 
co-workersl-4, The apparatus consists 
of a DS-1 diffraction spectrograph, a 
photoelectric detecting-recording unit 
and a vacuum system (see Fig.1). In 
contrast to the system employed by 
Zaidel', this system operates at a 
pressure of 5-1073 mm Hg instead of 
107-5 mm Hg; hence it is simpler and 
more reliable in operation (only a 
forepump is employed). 

Table 1 lists the values of the 
corrections required (based on the data 
of "dry runs") as a function of the 
vacuum in the system together with the 
values obtained for the set-up of Zai- 
del' et all-4, It will be seen that 
the absolute value of the correction 
in working only with a fore vacuum 
pump is higher (than in the case of 
the high vacuum used by Zaidel'). This 
increase may be partially connected 
with the quality of the exchanger mate- 
rial. 


The magnitude of the correction increases with increase of the pressure in 
the system, but the scatter of correction values, which is the primary factor in 
determining the uncertainty of the method, remains virtually constant. 

In case of gradual increase of the pressure in the system owing to impaired 


Tablevl 
Corrections (in cm3) required at different pressures in the vacuum system 
"Dry run” Refs.1-4 |- ,-Our--98bs 
experiment No. 210-3 | 6-10-78 | 9-10-83 
mm H¢ mm Hg mm H¢ 
1 0,036 0,083 0,147 0,145 
2 0,063 0,118 0,132 0,132 
3 0,071 0,074 0,145 0,128 
4 0,037 0,086 0,144 0,141 
4) 0,066 0,075 0,097 0,143 
6 0,038 0,095 0,126 
7 0,044 0,079 0,153 
8 0,065 0,067 0,116 
9 0,059 0,058 0,145 
10 0,047 0,093 — 
Average 0,053 | 0,083 - 0,124 = 0,136 
Arithmetic mean 
deviation +0,013 +0,012 -L0,010 
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Table 2 
Results of determination of hydrogen 
in different types of steel 


eee VY POS OF EB UOCE pant cabin 
H droge t ty 37/100 
Analysis No. ee Seater eo gee 


4 6,65 0,74 0,75 
2 6,85 0,87 0,64 
3 7,45 0,87 0,76 
4 7,24 0,62 0,73 
5 6,90 0,50 0,85 
6 6,55 0,69 0,60 
7 7,10 0,55 
8 6,58 0,68 
9 7,10 0,74 
10 7,05 
14 6,65 
12 6,75 
13 6,35 
14 6,72 
415 6,55 

r 16 6,60 
17 7,25 
18 6,85 
19 6,90 
20 7,25 


Average 6, 87-40, 24 | 0,69-+0,12 | 0,72-40,09 


Rms error of 


17% | 


individual +3,5% 113% 
analyses 
3 
em?/100 ¢ % 
18 60 


Oo 590 200 Zoom 9100 200300400 mm 


Fig.3. a) Variation of the hydrogen content 
in from the surface of a steel forging; b) 
variation of the coefficient of relative con- 
‘striction. The solid and dashed curves are 
for two symmetrical cross sections. 


500 


> 


<-Fig.2. Curve for correcting the "dry run ex- 
periment” correction as a function of the 
pressure in the system. 
of Refs.1-4; dashed curve - our data. 


Solid curve - data 


operation of the forepump, the absolute magni- 
tude of the "dry run experiment" correction can 
be corrected by means of the curve shown in 


The procedure was also applied for investi- 
gating the distribution of hydrogen over the 
cross section of a forging of degassed Cr-Ni-Mo 
The hydrogen content was determined at 


different points from the peri- 
phery to the center over the 
cross section of a 1000 mm di- 
ameter forged "washer" with a 
100 mm diameter central opening. 

We made an attempt to com- 
pare the results of the hydro- 
gen determinations with the da- 
ta on the plastic properties of 
the metal. The results of this 
study are shown in Fig.3. The 
horizontal scales are laid off 
in terms of the distance of the 
analyzed regions from the surface 
of the forging. The vertical 
scale in Fig.3,a gives the hy- 
drogen content; the vertical 
scale in Fig.3,b gives the cor- 
responding values of the rela- 
tive constriction coefficient. 

It will be evident from the 
general character of the curves 
that the hydrogen content in- 
creases from the periphery to 
the center of the forging; the 
opposite is true of the plastic 
properties. 

More extensive use of the 
spectral-isotopic procedure for 
determining hydrogen in industri- 
al laboratories is hampered by 
the fact that the requisite 
equipment is not standard but 
must be prepared on special or- 
der at considerable expense. 

We made an attempt to utilize 
standard components. We found 
that it is feasible to replace 
the nonstandard DS-1 diffrac- 
tion spectrograph with a stand- 
ard UF-85 camera (now being 
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produced by the GOMZ plant) in conjunction with a suitable diffraction grating 
or replica. The grating must have 600 lines/mm and should concentrate most of 
the light in the third order in the 6500 A region, inasmuch as analysis in this 
case is made with reference to the Hyg and Dy lines, the radiation being detected 
by a FEU-22 photomultiplier. 
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DETERMINATION OF NITROGEN IN DIFFERENT STEELS 
- K.A,Sukhenko, P.P.Galonov & T.V.Barasheva 


The purpose of the present work was to improve the extant procedure for 
determining nitrogen in steel, prepare a pilot lot of standards and develop a 
multiple purpose source unit for determination of gases. 

In general the preparation of standards comprises the following four steps: 
1) selection of the material, 2) founding, 3) determination of the precise chemi- 
cal composition and 4) checking for homogeneity. 

As the base material for the standards we chose stainless steel. The nitro- 
gen was introduced in the form of nitrided ferrochromium. In all, we cast five 
melts of approximately 25 kg each. According to the proportioning of the batches 
the nitrogen content in the melts varied from 0.02 to 0.2%. 

No nitrogen compound was added to the first melt. In order to obtain a ma- 
trix with a minimum nitrogen content, the steel was melted in a vacuum furnace 
at 10-1 mm Hg. The other four melts were made in the usual manner. 

The nitrogen content in the standards was determined by chemical analysis 
in our Institute, in the Central Scientific Research Institute of Ferrous Metal- 
lurgy and in the Institute of Metallurgy of the USSR Academy of Sciences. The 
calculated nitrogen percentages and the analytic results are listed in Table l. 
It will be seen that the agreement is good. The nitrogen content in standard 


Table 1 
Nitrogen content in standards (%) 


rn 


RRR TRET PES ER GE a 
Melt & Stan | Calculated  ptermined Established 
dard Nos. | amount N nitrogen 


Lab. | Lab.2 | bab. 8 | content 
i 
Mea Gees Traces | 0,047 | 0,039 | 0,057 0,02 
M2 — St.36 0,05 0,052 | 0,044 | 0;052 0,05 
M3 — Stl37 0,10 0,106 | 0,100 | 0,112 0,40 
M.4— St.14 0,45 0,454 | 0,45 | 0116 0,45 
M5 — St. 15 0,20 0,189 | 0,175 | 0,47 0,19 


er 
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Table 2 
Chemical composition of standards (%) 


Melt & Stan— 


EAN | N | Cc Si Mn Ss P Cr Ni 
0 ee pe ae (A 
M1 = St. 26 0, 0z2o0), .0.06 0,10 2 — — y 
M.2—St.36 | 0,05 | 008 a Neeley 0,020 | 0,020 18.96 9°40 
MoS =. 5b 37 0,10 0,08 — — 0,020 0,009 17,52 8,90 
M.4.= Sts44 0,15 OCP A) Bee eee ms 0,0078 | 17.6 | 8/0 
M5 — St.15 0,189 | 0.414 Eon phe 2 0,009 | 18.4 | 840 
No.26 was checked by spectroscopic analysis and 
taken equal to 0.02%. The standards were also ana- 
4S lyzed for other elements; the results are shown in 
42 Table 2, 
a The homogeneity of the standards was checked 
spectroscopically and found to be Satisfactory. We 
G8 chose the following conditions for the determina- 
a6 tion of nitrogen in steel: light source - low volt- 
+ age spark with C = 300 uf; two high frequency dis- 


charges per half-cycle of the line voltage; expos- 
02 ure - 1 sec (controlled by a time relay); analytic 
gap - 0.03 mm; counterelectrode - tungsten with 
hemispherical tip; photographic plates - type 3 


Bie ct8 <1) 08-07 bet spectroscopic, speed 16 GOST units. 


Fig.l. Calibration curve for Helium was employed as the neutral medium in 
determining nitrogen in the discharge chamber, which was first evacuated to 
steel; AS - difference be- 5-1072 mm Hg, then filled with helium to a pressure 
tween blackening of the of 700 mm Hg. 

N 3994.995 A line and the The working curve is shown in Fig.l. The re- 
background near the line. sults of analyses of commercial steel samples are 


given in Table 3. 


@~220V 


+-Fig.2. Multiple purpose source unit. The 
contacts of the six-pole two-position 
switch are numbered 1 through 12. In the 
low voltage spark setting the contacts 
1-2, 4-3 and 11-12 are closed. The con- 
tacts 1-2 shunt the rectifier (DGTs-24 
semiconductor type), contacts 4-3 connect 
in the E-58 time relay, contacts 11-12 
connect the line to the PS-39 transformer 
unit. In the second, pulse operation, 
setting contacts 1-2, 4-3, and 11-12 are 
open, while contacts 5-6, 7-8 and 9-10 
are closed. The figure illustrates the 
"spark operation" setting. 


Two types of source are utilized for 
determining gas in metals and alloys, 
namely, a low voltage spark and a pulse 


discharge. With a view to simplifying the installation we developed the multiple 


_ purpose unit diagramed in Fig.2. The circuit employs miniature electrolytic ca- 
pacitors of the EF-800/300 V type and miniature paper capacitors of the MBGO-30/ 


4/300 V type. 


=?) Laoee 


Table 3 


Results of chemical and spectroscopic determination of nitrogen 
in commercial steel samples (%) 


Chemical 


Ey i oat cee | Spectrum Sample analysis Spectrum 
Nos. at oa analysis Nos. analysis 
Lab. 1 lrab. 2! | iLab. J) labs 
48 0,014 | 0,014 | 0,025 0,027 A-1 0,020]0,033}| 0,023 0,046 
0,025 0,024 0,02 0,046 
0,017 0,023 
: 2 A-3 |0,024}0,011| 0,03 0,03 
0,018 0,024 | 02032 0/023 
V 0,039 | 0,030 | 0,038 0,034 0,021 0,022 
0,048 0,035 
u 1 0,022 0,035 
0,032 0,033 9 0/048 07042 
10) 0,056 | 0,02 0,028 0,024 3 0,031 0,037 
0,030 0,028 4 0,195 0,2 
0,024 0,025 
Table 4 


Results of analysis by the control standard procedure (%) 
a 
| 


Hs Chemical o | Chemical 
cay. analysis Control standard} qj analysis | Control standard 
Oo a ae a> hee L.| 
ie | Lab. dTab.2 a a bailed. 2h, Poe 
AL | 0,044) 0,015] 0,01412  0,0145 27 | 0,043} 0,06 | 0,054 0,044 0,052 
0,0417 00,0145 0,058 0,049 0,048 
86 | 0,029 0,036 0,03 0,034) 34 | 0,032} 0,25 | 0,023 0,027 
0,027 0,028 0,022 0,032 


Analysis of steels of different composition for nitrogen brought out the 
influence of "third" elements. Analyses, using our standards, of steel samples 
containing approximately 1% aluminum yield excessively high values for the \N 
content. Curves plotted on the basis of samples with a higher content of chro- 
mium and a lower content of nickel have a steeper slope than the curves plotted 
on the basis of samples with a lower chromium content. 

For analysis of samples differing in composition from the standards, we 
recommend using the “control standard'' procedure which we checked on a number of 
commercial samples (Table 4). 
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INFLUENCE OF THE CHEMICAL COMPOSITION AND HEAT TREATMENT OF STEEL SAMPLES ON THE 
RESULTS OF SPECTROSCOPIC DETERMINATION OF NITROGEN 
- N.V.Buyanov, L.M.Fedorova & V.F.Korotkov 


The production of metals and alloys with a minimal content of gases is pre- 
dicated on the development of reliable procedures for monitoring the gas content 
in metals. The recently proposed spectroscopic procedure for direct determina- 
tion of gases in metals satisfies the requirements as regards simplicity and 
rapidity of analysis; practical experience has, however, brought up a number of 
new problems. 

We investigated the influence of "third" elements and heat treatment of the 
samples on the results of determination of N in different types of steel. 

The research was carried out on industrial samples analyzed three times in 
the chemical laboratory. The spectra were photographed in a vacuum chamber de- 
Signed and constructed in our Institute. The chamber is designed to hold six 
Samples and 12 auxiliary electrodes simultaneously. The electrodes are mounted 
vertically. The discharge gap is set with an accuracy of +0.01 mm by the contact 
(backing off) technique by means of a micrometric screw. We chose the following 
conditions for excitation of the N spectrum; these are the conditions under which 
the working curve has the steepest slope and satisfactory reproducibility of the 
analytic results is assured. 

The discharge chamber was evacuated to 107! mm Hg and then filled with heli- 
um to a pressure of 350 mm Hg; the auxiliary electrodes were of tungsten; the 
discharge gap - 0.35 mm; the exposure - 0.2 sec (realized by means of a time re- 
lay); light source sharply focused on the spectrograph slit (analytic line - N 
3999.5 A). The light spark was a low voltage spark with one discharge per half- 
cycle of the line voltage; circuit capacitance C = 400 uf; I= 16 amp. The ana- 
lyses were carried out by the method of three standards with the working curves 
plotted in Sy (blackening) vs log Cy coordinates. 


Sy Si 
a L7, 4,20 
Ass 4,00 
43 Sq Kh25 
bof 440 
49 120 
G7 400 
ae 2,2 -2,0-18 -1,6-44 -42-40-08 log Cy BEE OG SH 


yg Rigel. Fig. 2. 
_ Fig.1. Working curves for determination of nitrogen plotted on the basis of sam- 
ples of different grades of steel. 
: Fig.2. Influence of heat treatment of sample on the slope of the work- 
ing curves for different grades of steel. The plots with the flattest 
slopes pertain to quenched samples. 


The influence of "third" elements, specifically, chromium, aluminum, titani- 
um and silicon, was investigated for St10, Kh25, Kh2oT, Kh25yul0 and transformer 


_ steels. 


*St10 = Cri0, Kh25 = X25, Kh25T = X25T, Kh25yuS = X25105, ShKh15 = IIIX1o . 


et Poa 


The experimental results are shown in Fig.l. The working curve plotted for 
Kh25 steel (23-27% Cr) samples lies below the curve for StlO steel (< 0.15% Cr), 
the separation AS being v0.50. The plot for St10 steel (0.10-0.37% Si) lies be- 
low (AS +0.30) the plot for transformer steel (3% Si). Upon the addition of 1% 
titanium to Kh25 steel (i.e., on going to Kh25T steel) the blackening of the ni- 
trogen line increases by 0.80. The addition of 5% aluminum to Kh25 steel (i.e., 
going to Kh25-yu5 steel) greatly increases the intensity of the N line (AS =x 1.50)5) 
(The spectra of St10 steel and transformer steel samples were photographed on Pan- 
chrome film - speed 90 GOST units; those of the Kh25, Kh25T and Kh25yu5 samples 
on ES type 1 emulsion 983 film.) It will be evident that additions of titaniun, 
aluminum, chromium and silicon can seriously distort the results of nitrogen de- 
termination. 

The effect of heat treatment was investigated on samples of Stl0, ShKh15 
and Kh25 steels. The slope of the working curves changed greatly after quench- 
ing of the cast samples: from 46 to 26° for Kh2 steel and from 42 to 24° for 
ShKh15 steel. Quenching of samples of St10 steel leads to complete loss of con- 
centration sensitivity, i.e., the working curve becomes horizontal (Figd2)o°4is4 
for example, we attempt to determine the nitrogen concentration in a quenched 
sample of Kh25 steel from the curve plotted for cast standards, we obtain Cy = 
= 0.13% instead of Cy = 0.18%. In a control experiment quenched samples of Kh25 
steel were annealed and for them there was obtained a working curve similar to 
that for cast samples. 

Consequently, the analytic results are influenced by the structure of the 
material. Annealing of cast samples improves the reproducibility; quenching has 
an adverse effect. For example, the analytic error for annealed Kh25 steel sam- 
ples with a nitrogen concentration of 0.14% is +9.2%, for a cast sample, +10.4% 
and for a quenched sample +27.6%. 

Through appropriate variation of the current strength and the capacitance 
of the spark circuit one can reduce or virtually eliminate the separation between 
the working curves for cast and quenched Kh25 steel samples; the resultant common 
curve, however, has a much flatter slope than the curves obtained under conditions 
specifically selected for cast samples. 

We note that the intensity of the N lines also depends on the purity of the 
helium in the discharge chamber. When the initial helium tank was replaced by a 
new tank we noted an appreciable change of the intensity of the analytic N line. 
Mass spectrometric determination showed that in the new tank the nitrogen content 
was 2.85% (as against 0.77% in the initial tank), the hydrogen content 2%, instead 
of 1%; the oxygen content 0.008% instead of 0.052%. With the shift to the new 
helium tank both the intensity of the continuum background and the number of spec- 
trum lines increased. At the same time the slope of the working curves was re- 
duced somewhat and for attaining the original slope it was necessary to increase 
the current strength in the spark circuit. All these effects are indicative of 
the influence of physical-chemical processes. The observed alterations of the 
spectrum cannot be attributed solely to the superposition of the spectrum of the 
nitrogen contained in the sample and the heliun. 

Our results show that in determination of nitrogen in different grades of 
steel one must take into account the chemical composition of the sample and its 


thermal history, and take care to insure adequate purity of the helium used in 
the discharge chamber. 
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DETERMINATION OF NITROGEN IN CHROMIUM AND TITANIUM* 
- S.A. Skotnikov 


Entry of the gas into the dischar 
fundamental in spectroscopic determina 
particular in metals and alloys. 
the analytic procedure. 


It has been suggested that the chemical stability of metal nitrides must be 
an important consideration where choice of the optimum parameters of the spark 
source circuit are concerned. To check this we carried out an investigation of 
the conditions of determination of nitrogen in chromium and titanium, the stabili- 
ty of whose nitrides is very different: whereas for CrN the temperature correspond- 
ing to 1 mm Hg partial pressure is 719°, for TiN the corresponding temperature is 
29120,1 Moreover, titanium is a getter; chromium is not. Our experiments showed , 
however, that the character of the dependence of log GUA Tile: on the sparking 
conditions, which dependence may be taken as a measure of the sensitivity, is 
Similar for the two metals. 

The analytic line chosen was N II 3995 A. The discharge was realized in an 
atmosphere of C05. For producing the sparks we used the electronic low voltage 
spark generator described by Borovskii & Skotnikov2; except as noted below, the 
unit was operated at a frequency of one ignition per half-cycle of the 220 v, 50 
cycle supply voltage. 

Variation of the circuit capacitance with constant inductance (L = 10 wh) 
yields first a rapid and then a slower increase of log (Ij/I,)- An adequate sen- 
sitivity is attained at C = 350-400 uf for both metals. The variations of log 
(I1/Ip) with the inductance (C = 340 uf = const.) are also similar. At low val- 
ues of L (<5 uh) the value of log (Ij/Ip) is unstable; above 5 uh, however, it 
becomes almost constant up to L = 25 wh. The instability at low inductance values 
is connected with increase in the diameter of the spark pit and increase in the 
depth of the spark penetration. It is, apparently, expedient to use an inductance 
of about 10 uf for both metals. 

The variation of log (Ij/Ip) with the width of the electrode gap is shown in 
Table 1. The highest sensitivity for both metals 
is obtained with a gap of about 0.5 mn. 

With decrease of the COo pressure from atmos- 
pheric, there is observed a decrease in intensity 
of the background and an increase of log (1I,/I}); 
for very low pressures, however, the growth of log 
(11/1,) ceases and the stability of the discharge 
is impaired. The optimum pressure appears to be 
200-300 mm Hg for both chronium and titanium. 

Mandel'shtam & Fal'kova? recommend approxi- 
mately the same low voltage spark source parameters for determination of nitro- 
gen in steel. Experiments on determination of nitrogen in steels under the con- 
ditions found optimal for titanium and chromium substantiated the suitability of 
these conditions for determination of nitrogen in steel as well. Thus it would 
appear that the same spark conditions (circuit parameters) are satisfactory for 


ge gap and excitation of its spectrum are 
tion of gases in general and nitrogen in 
These two factors determine the sensitivity of 


determination of nitrogen in different metals, having nitrides characterized by 


different stabilities and different melting points. 


*Yu.A.Chumakov participated in the part of the work pertaining to titaniun. 
*kI} = the intensity of the background (continuum) in the vicinity of the 


analytic line. 
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Table 2 In addition to the above enumerated conditions, 
——<—<—<—< $< mention should be made of the sparking frequency, 
ee he 1:2 1.4  i.e., number of discharges per alteration. For 
Z cycle both titanium and chromium reducing the number of 
ignitions per half-cycle leads to an increase of 
Log(Io,./Iy) —0,68 | —0,49 | —0,39 the absolute sensitivity (Table 2). 
log( In; /Tp)] —0.18 | +0,26 | +0,38 The same holds true for steel. However, for 
steel and chromium for which the working curves 


have a slope of about 45° with sparking every half- 
cycle, the slope of the working curve falls to about 20° as the ignition frequen- 
cy is reduced, i.e., the increase in absolute sensitivity is attained at the ex- 
pense of reduction of the concentration sensitivity. Hence the expedient of re- 
ducing the sparking frequency per half-cycle may be regarded as useful primarily 
for analysis in the case of low N concentrations, i.e., concentrations at the 
lower bound of the sensitivity for one ignition each half-cycle. 

An entirely different picture is observed in determining nitrogen in titani- 
um. Experiments show that ignition each half-cycle in this case does not give 
an adequate concentration dependence, which is in agreement with the data of 
Kagan & Filimonov4. It is interesting that the spark traces on the sample sur- 
face in this case are oxidized. Possibly this oxidation of the titanium in the 
case of ignition every half-cycle was the interfering factor as regards determin- 
ation of nitrogen. 

When the sparking frequency is reduced to one ignition every fourth half- 
cycle, a noticeable concentration dependence appears and one obtains a working 
curve with a slope of about 40°; the analytic sensitivity is then about 0.05% by 
weight, and the spark traces are not oxidized. It must be emphasized that when 
the discharge frequency is thus reduced, the discharges become unipolar, and the 
sample should be connected as the cathode. The optimum circuit parameters deter- 
mined for one spark per half-cycle were still the best for the spark every fourth 
half-cycle conditions. 

By way of standards we used remelted titanium samples analyzed in the analy- 
tic laboratory of the IMET (Institute of Metallurgy). The proposed procedure was 
checked on two sets of Ts NIIChM (Central Scientific Research Institute of Fer- 
rous Metallurgy) standards. Tests with the first set in which the standards dif- 
fered only as regards nitrogen content substantiated the observed concentration 


and absolute sensitivities: the points all fell on a straight line. The standards 


of the second set differed not only as regards nitrogen content but also as re- 
gards the percentage of calcium. In working with this set we were unable to ob- 
tain a satisfactory working curve: the scatter of the points was too great. 

Thus we recommend the following analytic conditions for determination of 
nitrogen in steels, chromium and titanium: light source - low voltage spark with 
C = 400 pf and L = 10 uh, discharge in C09 at 200-300 mm Hg; electrode gap - 0.5 
mn; counterelectrode - copper, presparked. Ignition of the spark once every 
half-cycle (50 cps supply) for steels and chromium and once every fourth half- 
cycle for titanium assures a good concentration sensitivity. The absolute sensi- 
tivity under these conditions is 0.01% for chromium and 0.05% for titanium. 


Institute of Metallurgy 
Academy of Sciences of the USSR 
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ANALYSIS OF HIGH CONCENTRATIONS ALLOWING FOR THE INFLUENCE OF ''THIRD' COMPONENTS 
- L. I. Topalov 


The slopes of the working curves for alloys with high and variable concen- 
trations of several components are determined primarily by the reciprocal influ- 
ence of the components, and the steepest slopes are obtained by selection of ex- 
citation conditions favoring strongest manifestation of this influence. Steep 
slopes are also obtained by using analytic pairs consisting of lines with the 
greatest concentration sensitivity.1} Through proper combination of these factors 
one can obtain working curves with a slope (tangent) of 4 to 6. The variation 
of AS with log c in such cases is nonlinear. Let us assume that the function 


I 


n 
fa: 2 (Cn Cm; Cry +++, ci) os 
m 
is of the form 
ae eee a oF 

I 4 Ta OU Le sae 

ie eat n UU TE L (2) 

Peta mn a — 

Ea mn oon Bone er ae 


»where ; and b;" are coefficients characterizing the influence of components 7 and 
zt on the line intensities of the components n and m and, consequently: 


Oa OF) le tn Oe — Dd) le ty Ae 4 (08 2B) Ie Cp es we 
+ 7 (62 — br) Igc: + yg —* = ASym. (3) 


The coefficients (b,—b™) , etc., in general, depend on the concentrations 
Cn, Cm, @tc. Let us assume that in a certain limited concentration range they 
vary little and that within the limits determined by the reproducibility of AS 
can be regarded as constant. Then from Eq.(3) we can with the aid of a suffici- 
ent number of standards obtain the values of these coefficients and log (a, /a,,) 
from which we can calculate AS for another group of standards and compare this 
with AS obtained from experiment. Divergences not exceeding 2-3 o(AS) indicate 
, that both assumptions are allowable. 
Further, invoking the fact that 


Ca em + G +... + Cc; = const, 


by the method of successive approximations we can calculate the concentrations 

Cn» Cm y @tc. in the sample. One can then go over to a constant graph (or table) 

constructed by means of the coefficients characterizing the relative intensities 

by the use of a curve plotted in terms of ASmain pl. VS AStech.pl. (see Ref.2). 
The relative error is calculated by means of the formula 


LL 
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where A log (¢,/¢m) is the difference between the logarithms of the ratios of 

Cn and c, for two standards, and 5AS,_m is the difference between the correspond- 

ing values of AS,_,,. It will be evident from the formula that this approach in- 

sures decrease of the relative error with increasing concentration of the deter- 

mined component. 
Knowledge of the coefficients characterizing the relative intensities also 

allows of obtaining another solution (within the concentration ranges wherein 


these coefficients are known to be constant): 


ASn—m = 4 (On — 0") IB cn + 1 (B%, — Pm) Ig em + 4 (2 — 8") Igor + yg = ; (5) 
ASm—r = (bm — Uf,) 1g em + (6 — by) J bm —br)] om (6) 
1 (Om — OF) Eg em + 7 (B" — b,) lg cy + (Of — OF) lg en + 4 lg ——; 
AS,—n = ¥ (b> — 6") lge, + 7 (b% — bn) 1 eee at 
TO AS Cray. (OF n) lgen + 7 (87, br) gem +1 1g —. (7) 


Then, from (5) and (6) or other combinations, we can obtain 


nS 7 (b™ — bd") y (0 — b) 


AS rae ASR = E (Oe = br ) a 


1 (bP — DF) (5 287) 
1 (6, — o%") 
From (5) and (7) or other combinations 


Y (Br, yaa bin) | br pn ‘ m 
AS ee ee (Be Ge ae ae 
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Equations (8) and (9) give straight line plots for the variation of log Cm 
and log cn, with the directly measured quantities for log c, = const. The shift 
of both plots occurring with changes in log c,, calculated in units of loge, and 
log ¢n per unit of log c,, are also constant and independent of the properties of 
the photographic emulsion, and for crz+Cm-+c, = const. are linearly related with 
each other. Hence, in addition to curves plotted for certain arbitrarily assumed 
value of log c,, we can readily calculate a table by means of which one can ob- 
tain the concentrations Cy, cm and c, on the basis of the values of log c, and 
log c, taken off the curves. To such curves one can apply the postulates of the 
control standard, conversion factor and other methods. 

In the presence of a component with a constant concentration, we can take 
into account the influence of "third'' components in a similar manner but without 
utilizing the condition c,-+cm-+c¢,+...+¢ = const. Without this condition one 
can also make out in the case of narrow ranges of variation of the concentration 
of all components, when the function (1) can be written in the form 


a, y (oF, —oF) - 
eerste ee ae aaa ee (9) 
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where Cn, c, and c, are the major components. 


Taking the respective logarithms and converting (10) to bl 
k 
bearing in mind that 6 ackenings, also 
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quations by means of standards separately for AS 


r—n) 


and solving the set of e 


r—n and 
AS;_m, we can obtain 
ASnr— = (Hin — Fem)’ 1g (Culm) + (Oh be gc, + lg{ <2 ) Sat 
Ao — bey A u Heat} Mh 
in — Fin)" Ig (Cnt) + (bt — BMY" Ig cy + re (3), (12) 
ain 
whence 
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1 (ky — Kin)” 2] Ig er + 1 ]g| ay, } ep ve ( Oe, ’ (13) 


i.e., we can obtain a rectilinear plot. 


For further work we need only know the 
numerical value of 


y (ky ra Km)’ 
if (ky as Ky)" : 


The admissibility of the form of function (10) and a sufficiently small er- 
ror arising as a result of separate solution of the set of equations for AS;,_» 
and AS... can be checked with respect to a second group of standards and then 
controlled each time by obtaining a rectilinear plot in AS; n— oy NaS ne 
log c, coordinates from measurements with the standards. 

For each specific analytic case one can select the most convenient of the 
described procedures and an optimal combination of the values of AS so that the 
relative error of determination of the components with a high concentration will 
not exceed +1.2%. 


The above exposition is fully substantiated by experimental data. 


vs 


“ Zaporozhii Ferroalloy Plant 
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SPECTROSCOPIC DETERMINATION OF THE MAJOR COMPONENTS OF NOBLE METAL ALLOYS 
- N.I.Varlamova & N.S. Sventitskii 


Spectroscopic methods of checking noble metals for purity are now in fairly 
extensive use.1-3 These methods, however, are still far from perfect, particu- 
larly where determination of the major components is concerned. 

The two principal problems in analysis of noble metal alloys are determina~ 
tion of high concentrations with adequate reproducibility and meeting the require- 
ment of minimal sample consumption, preferably with the possibility of analyzing 
finished products. 

One of the conditions for successful solution of these problems is correct 
choice of the light source. Probably the best source is a high frequency spark. 
So far the specific potentialities of high frequency spark sources have been used 
primarily for investigation of biological specimens*, for analysis of minute 
samples», for determination of carbon®, and for analysis of welds’,8, Our ex- 
periments showed that the high frequency spark is a rather flexible light source. 
By varying the capacitance and inductance of the discharge circuit and replacing 
the conventional transformer by an autotransformer, one can obtain different ex- 
citation regimes. If the regime is characterized by the intensity ratio of the 
Cu II 2498.6 and Cu I 2492.1 A lines, the range of feasible variation lies be- 
tween the limits of -0.88 and +0.90. The reproducibility of conditional analysis 
with reference to these lines is 2-2.5%. The reproducibility of analysis with 
reference to the Cu I 5105.5 and Cu I 5153.2 A lines “is 122%: 

We investigated binary alloys of silver with cop- 
per to evaluate the possibility of developing an analy- 
tic procedure for alloys of this type. Using a high 
frequency spark (0.5 amp, 220 + 2 v) for analysis of 
alloys containing from 8 to 50% copper, it proved 
feasible to obtain a concentration dependence even 
for the resonance lines Cu I 3247.54 and Ag I 3382.89 
A and, although the slope of the working curve was not 
great (~0.4) the results of determination of copper 
(for the alloy with 40% Cu) reproduced with a prob- 
able single determination error of +2.8%. 

The spectrum of such a "soft" spark, however, 
proved sensitive to the physical condition of the 
samples. Thus analyses of forged samples yielded 
underestimates of the Cu concentration when the deter- 
minations were made on the basis of the curve plotted 
for cast samples. 


10g 


Ke ae Oi CCy Increase in the power of the discharge led to 
Variation of the relative self-reversal of the above mentioned spectrum lines 
intensities of analytic and loss of the concentration sensitivity. Better re- 
lines with the Cu content sults were obtained with the green lines Ag 5209.1 
in binary Ag-Cu alloys: and Cu 5218.2 A (ISP-28 or ISP-22 spectrograph). The 
I) Cu I 3247.5 - Ag I concentration sensitivity was much higher than for 


3382.9 A (ISP-28 spectro- Ag I 3382.89 and Cu I 3247.54 A lines (curves I and 
graph), II) Cu I 5218.2 II in the accompanying figure). The intensity of both 
- Ag I 5209.1 A (ISP-28 the silver and copper lines changed; the slope of the 
spectrograph), III) Cu I working curve increased to 1.4. Under the altered 
5218.2 - Ag I 5209.0 A discharge conditions, the results of analysis for cast 
(ST-7 steelometer). and forged samples fitted the same working curve. The 
reproducibility, however, did not improve and amounted 


_ plates (speed 45 GOST units) and the small distance of 


(curve III) was realized with a reproducibility of +1.6%. 
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to £3.0%; it was determined primarily by the inadequate quality of the "Izoorto" 


the analytic lines from 
Visual determination by means of an ST-7 steelometer 
Approximately the 
same deviations were obtained in analysis with the photoelectric FES-1 steelo- 
meter; in the last case the error could be reduced by comparing the intensity of 


the silver lines not with the integral radiation but with a neighboring copper 
line. 


the edge of the plate. 


Similar results were obtained in determining copper in ternary Cu-Ag alloys 
with nickel and gold. 

The experimental results obtained may serve as a basis for development of 
specific methods of analysis of noble metal alloys with excitation by high fre- 
quency sparks. The consumption of sample material is negligible. The reproduci- 
bility is generally satisfactory in analysis of components with high concentra- 
tions. 

Low energy spark spectra can, apparently, serve as a useful means for in- 
vestigating variations in the metallo-physical state of alloys. 
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SPECTROSCOPIC DETERMINATION OF HIGH CONCENTRATION COMPONENTS 
IN STEELS AND OTHER ALLOYS 
- A.G.Komarovskii 


Spectroscopic determination of high concentrations of alloying elements - 
Mn, Si, Cr, Ni, Mo, W, Ti, V, Co, Nb and Al - encounters a number of difficulties, 
that become particularly serious in analysis of complex alloys in which the in- 
fluence of "third" components is strongly evinced. This influence leads primari- 
ly to parallel displacement of the working curves in going from one system of 
steels or alloys to another. In some cases there is also observed a small change 
in the slope of the working curves. 
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Fig.1 Fig. 2 


Fig.l. Working curves for determining Mn in simple (I) and high alloy (II) steels 
in a low voltage pulsed spark (upper curves) and in a condensed spark from an IG-s 
spark unit (lower curves). ‘Analytic pair: Mn 3482.90 - Fe 3465.80 A. 
Fig.2. Working curves for determination of Si in simple (1) and more com- 
plex (2) alloys plotted in log (Ig4/Cpe) vs log C coordinates (curves I) 
and in log (Igi/Ipe) vs log (Cgj/Cp,) coordinates (curves II). Analytic 
pair: Si 2506.90 - Fe 2498.89 A. Source - IG-3 spark unit. 
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, Fig.4 
Fig.3. Working curves for determination of i 
Mo in three types of steels 
with reference to the Mo 2816.15 - Fe 2823.28 A line pair. Source - Toca sea 
unit. 
Fig.4. Working curve for determination of Mo in different steels and al- 


loys (same as those characterized by curves in Figw3). 


spark unit. Source - IG-3 


Counterelectrode - copper; analytic pair: Mo 2816.15 - Cu 
2824.37 A. 


i 
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The present research was concerned with determining the causes of the in- 
fluence of "third'’ elements and finding means of reducing or eliminating this 
effect. As a result of our experiments we established the following. 

1. The use of a localized high-power low voltage spark discharge for analy- 
Sis of steels and alloys leads to an appreciable reduction of the parallel shift 
of the working curve (plotted on the basis of samples of simple and high-alloy 
steels) as compared with the shift observed when an ordinary condensed spark such 
as that supplied by the IG-3 spark unit is employed. It must be noted, however, 
that the shift is not wholly eliminated (Fig.1). 

2. Plotting the working curves in terms of log (Ign/Iref) vs log (Can/C rep) 
instead of log (Ian/Iref) vs log C also leads to a decrease of the parallel shift 
of the working curves (Fig.2). 

3. The material of the upper counterelectrode has an appreciable influence 
on the intensity of the sample spectrum and on the accuracy of analysis. Ina 
number of cases, when a spectrum line of the counterelectrode is used as the 
reference, the influence of the "third" elements is either reduced or complete~ 
ly eliminated (Figs.3 & 4). 

Hence, our study showed that it is feasible to select excitation conditions 


under which the influence of "third" elements is minimized or completely suppres- 
sed. 


Central Scientific Research Institute of Technology and Machine Building 
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STATISTICAL INVESTIGATION OF ANALYTIC RESULTS 
- V.V.Nalimov 


f mathematical statistics consists of convolution” 
(condensation) of information and presentation of it in compact form convenient 
for communication, storage and further processing. This problem has become 
particularly acute now in view of the accelerated increase in the amount of ex- 
perimental material. 

The results of each and every experiment comprise a certain degree of un- 
certainty, while every study as a whole contains an element of doubt; these are 
connected with experimental errors, the specific conditions of the experiment, 
the limitations of the experimental facilities, etc. Earlier when the number 
of published reports was small, the reader could form an idea of this element 
of uncertainty by careful reading of the description of the experimental condi- 
tions and the processing of the experimental data as described by the author. 

At present, when there may be tens or even hundreds of studies devoted to a 
specific topic or narrow field of specialization, comparison of the qualifying 
data when presented in the form of nonstandard extensive descriptions becomes 
impossible. Moreover, it must be borne in mind that owing to the large volume 
of reports presented, many scientific journals are forced to reduce the scope of 
individual articles, and in such condensation or abstracting much subsidiary in- 
formation is necessarily eliminated. 

Information on the accuracy and reliability of analyses given in different 
official instructions and in the analytic GOST's (All-Union State Standards), the 
data characterizing standard samples and the results of routine analysis if. 
they give the effective ranges or bounds, may also be regarded as 'eorvetulians 
of information, i.e., condensation of the information contained in the extensive 
experimental research involved in the preparation of these instructions, stand- 
ards, etc. It may be asserted that convolution of information must be a inte- 
gral and essential part of each and every analytic operation. 

At present it is feasible to give a classification of methodical errors 
peth a view to facilitating application of statistical methods to planning ex- 
periments and processing their results and to indicate the conditions under which 
one can expect a normal distribution, a Poisson distribution or a binomial dis- 
tribution in analytic work. In view of this one can now outline the general th 
ory oe analytic process that can be constructed on the basis of ae the = 
probability, much as in its time there was constructed the general theory et é 
Pte eee ah eee of constructing such a theory reduces es- 
ssing a the characteri i i 
method and all the difficulties aa ipnnenpeys eee ati 2 : arth ane 
language of statistics. Pos pincers 
he Reh en ces. ane a ences the accuracy of any given analy- 
following quantities: 1) the error jee eee Ranier oer 
ing the scatter of analytic results relative to se eee ee trea eee 
e ob ithi 
eae tiia, eee one particular set of equipment a within a <item ane 
ee ia Pas re a error due to factors varying slowly with time and charac- 
a Pita ae ra n the analytic results relative to an average value obtained 
Renee PETE eee but over a prolonged period; 3) the interlaborator 
ace ae ren eS ity, characterized by the scattering of the analytic rosie 
= ae are value obtained in different laboratories. 
ried out on a Bivat soficatat aan senate the results of determination car- 
TIS Delay alk ea I er fe Ghee A cace re ay ier compared with 
tant to determine not only the magnitude of the deviation hetiecnstr clan til 
so 


One of the problems o 


, analyses but also to evaluate the effect of interaction 


coe I AS 


Characterizing the de- 
ytic results from the actual composition 
If the effect of interaction is statistically insignificant, 
then thereafter in routine work we can limit the consideration to comparison of 
two analytic methods as applied to one specific standard sample. Both these 
problems are solved by means of analysis of variance. 

Spectroscopic emission analysis is based on plotting and subsequent use of 
working curves. Hence here it is essential to present in compact fashion all 
the information connected with solving the problem of "calibration". Specifical- 
ly, it is necessary 1) to check the linearity hypothesis, i.e., to determine 
whether the scatter of the experimental points relative to the working curve is 
due solely to reproducibility errors, 2) to investigate the character of the time- 
fluctuation of the working curve parameters, and 3) to determine whether the work- 
ing curves plotted on the basis of the primary standards agree with the working 
curves based on secondary standards. In principle, these problems of experiment 
planning and compact presentation of the results can be solved by means of re- 
gression analysis, which is a further generalization of variance analysis. 

If for each analytic method and procedure there are indicated all the char- 
acteristics enumerated above, it will be easy to compare and evaluate then. 

In giving out or publishing the results of routine analyses it is not suf- 
ficient to indicate only the reproducibility error. If the working curves are 
based on m standards, then using the methods of mathematical statistics one can 
determine the region of possible values for an (m + 1) standard which, in gener- 
al, proves to be an area limited by two branches of a hyperbola. The interval 
of possible values for the results of a given determination will depend on the 
number of standards used for constructing the working curve, on the “position” 
of the standards relative to the center of the curve and on the standard error 
characterizing the scattering of the points relative to the working curve. 

Design of the experiment, processing of the experimental results and final 
presentation of the analytic data must be carried out in a strictly uniform and 
standard manner. We note that foreign journals have long called on laboratory 
workers to renounce the use of the arithmetic mean error as a measure of the 
scatter of measurement results. The probable error is also no longer used in 
analytic work abroad. The properties of these two characteristics are such that 
they cannot be recommended for presenting the results of statistical analysis. 
We believe it desirable that our scientific workers, too, in presenting the re- 
sults of statistical evaluations should only use the standard (root mean square) 
deviation as the uniform measure of scattering. 

In so brief a report we can only formulate in the terms of mathematical 
statistics the problems that must be faced by scientific workers in developing 
new methods of analysis. The mathematical formalism for solution of the prob- 
lems can be found in mathematical references and handbooks. 
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STANDARDS FOR DETERMINATION OF IMPURITIES IN PULVERIZED COMPLEX FERROALLOYS 


- A.B. Shaevich 


The preparation of ferroalloy standards is hampered by their high meLvAng 
point, the complexity of controlling and determining the chemical composition, 
and the appreciable influence of "third elements and the structure of the alloy 
on the spectroscopic results. Each of these difficulties taken separately can 
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Influence of fining of 
the analyzed sample on 
the difference in black- 
ening AS of the analy- 
tic line pair for deter- 
mination of aluminum (1), 
silicon (2) and copper (3) 
in ferrotitanium, and 
aluminum (4) and titani- 
um (5) in ferroniobium. 
Each point represents the 
average for 24 measure- 
ments. Line pairs: Al 
2652.49 - Fe 2647.56 A, 
Si 2435.16 - Fe 2443.91 A, 
Cu 2824.37 - Fe 2828.81 

A (for determination of 
the impurities in ferro- 
titanium); Al 2660.39 - 
Fe 2635.81 A, Ti 3072.97 
- Fe 3068.18 A (for deter 
mination of impurities in 
ferroniobiun). 
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be overcome by appropriate measures, but unfortunately 
often when applied together these measures counteract 
and defeat each other. In this case it is not expedi- 
ent to use synthetic working standards inasmuch as 
disparity between the standards and the samples would 
involve complicating the analytic procedure (for ex- 
ample, converting the metallic samples to oxides) and 
increase the time required for analysis. The use of 
primary synthetic standards for establishing the com- 
position of the working standards by spectrum analy- 
sist is also very inconvenient inasmuch as determina- 
tion of impurities present in concentrations of 5 to 
10% with the requisite accuracy requires a great deal 
of time. Analysis of such alloys in many cases, how- 
ever, is facilitated by pulverizing the standards and 
samples. 

We came to the conclusion that the most effective 
method of preparing standards of such alloys consists 
in successive dilution of one "head" standard with a 
typical composition2~4,* The possibility of restrict- 
ing the number of standards to one typical standard 
is particularly valuable in the case of analysis of 
ferroalloys inasmuch as this eliminates one of the 
principal sources of disparity between the standards 
and the sample. The method of successive dilution was 
checked in practice in preparing standards for the 
determination of impurities in ferrotitanium, ferro- 
niobium and ferromolybdenun. ** Among other matters, 
we investigated the chance errors connected with un- 
avoidable variation in the operation of diluting and 
mixing the components, the influence of the granulo- 
metric composition of the mixture on the intensity of 
the spectrum lines, and the residual influence of 
"third" elements and structure. 

The "head" (diluted) standards were standard 
samples of the respective ferroalloys; the diluent 
was iron oxide (analytic reagent grade). The light 
source was an ac are (the analytic procedure is de- 
scribed in detail in Refs.6 & 7). Evaluation of the 
magnitude of the different component errors, carried 


*This dilution should not be confused with the dilution procedure proposed 
by Shavrin, the purpose of which is to make more uniform the composition of di- 
verse initial samples by adding a common component. 


**V.V. Bugrina, Ya.M.Kalinskii, N,I.Chabanenko, M.A. Perepelkina and A.G.Koro- 
vina participated in the experimental part of the work. 
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out by the variance method, showed that the 


variations in the preparation of the mixture 
total chance error ope ee 


deviations connected with unavoidable 
» amounts to approximately 0.4 of the 
is close to the value corresponding to the criterion 
for insignificant errors ($0.3 0).8 We established the variation in the intensi- 
ty of the lines of the determined elements and the diluent as a function of the 
powder particle size (see accompanying figure). The observed variation is con- 
sistent with the current concepts regarding the influence of the degree of devel- 
opment of the surface on the rate of evaporation. To eliminate this effect the 
sample should be ground to at least 200 mesh. 

Introduction of graphite powder does not always radically reduce the influ- 
ence of "'third'' elements and the structure of the sample. Quantitative evalua- 
tion carried out taking into account the requisite analytic accuracy showed that 
it is essential to use a "head" standard having the composition and structure 
characteristic of the analyzed samples. 

Use of the described procedure for preparation of standards serving for 
-- analysis of complex ferroalloys made it possible to dispense with melting, cast- 

ing and chemical analysis of series of standards, and to replace each series by 

one standard sample. This method can also be recommended for preparation of 
standards for analysis of other pulverizable complex alloys. 


Ural Institute of Ferrous Metals 
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PREPARATION OF STANDARDS FOR SPECTROSCOPIC ANALYSIS OF NOBLE METALS 
- A.A. Kuranov 


In view of the expanding use of noble metals in industry and the ever more 
exacting requirements as regards their purity, it is essential to improve extant 
methods of analysis and to develop new ones. In recent years spectroscopic meth- 
ods have been coming into increasing use.1 Developments in this field, however, 
encounter the difficulty of preparing suitable standards; hence this problem 
merits particular attention. 

There are three principal types of standards - cast, synthetic (powder) and 


solutions; we shall take these up in turn. 
Cast standards 


In preparing standards? for analysis of refined silver for Pt, Pd, Au, Cu, 
Pb, Bi, Sb and Fe in the concentration range from 10-5 to 1072%, the solubility 
of these elements is first evaluated on the basis of solubility diagrams3. All 
the enumerated elements except iron exhibit either limited or unlimited solubili- 
ty in silver. Investigation# of Fe in silver showed that in some cases this ele- 
ment, which is normally insoluble in silver, can diffuse through it, particularly 
if there is present a so-called horophilic (segregating) element which combines 
with the Fe to yield a continuous series of solid solutions. Thus presumably the 
solubility of Fe in silver can be enhanced if palladium is added to the silver 
or if the iron is introduced into the silver in the form of Fe-Pd alloy. 

In order to realize this and bring the melting point of the introduced metals 
close to the melting point of silver, we prepared a series of binary solutions 
having the following compositions: 


Alloys and metals introduced into the silver melt 


Metal Melting point, oC 
Silver 960 
80% Palladium + 20% Iron 1390 
Gold 1063 
50% Lead + 50% Platinum 800 
50% Bismuth + 50% Copper 910 
50% Iron + 50% Antimony 1000 


The standards were melted in graphite crucibles under a carbon shield in a 
high-frequency induction furnace which assured intense mixing of the melt. The 
impurities were introduced into the silver melt wrapped in silver foil. Spectro- 
scopic studies showed that the impurities were uniformly distributed through the 
volume of the castings. 

In this manner we prepared standards with large amounts of the chosen impuri- 
ties; these standards were then used to prepare the other standards by dilution 
with the pure base (silver). The composition of the standards was monitored by 
chemical analysis; at the same time we checked for contamination by the method 
of "additions’5. This is feasible because the losses in melting are negligible. 

Standards for analysis of high purity gold, platinum and numerous alloys 
of silver, gold and platinum were prepared by the same procedure. 


Synthetic standards prepared of metal powders 


In many cases owing to the high melting 

point of the metal and inadequac 
of the control procedures, it is impossible to prepare standards by aeeeina 
view of this, in recent years we have had increasing recourse to the procedure 


, of preparing standards of powdered metals. 


— oo. = 


The metal powders are carefully mixed 
in the requisite proportions; then the mixture is compressed into briquettes which 


are annealed at a temperature close to the melting point of the base. As a result 
there are obtained homogeneous standards with impurity concentrations ranging from 
a few hundredths to some ten-thousandths of a percent. Uniformity of distribution 
of the impurity is checked spectroscopically and by means of radioactive tracers. 
In this fashion we prepared standards for analysis of silver® and subsequently for 
analysis of platinum-rhodium alloys for Payer eRu, Au, he,Als.Cuy Ag; (Pb <P Bt, 
Zn, Sn, Ni and Si and of platinum-palladium alloys for Ir, Ru; Au; Rh, Fe, Aly, Cu, 
Aegpey PD, Bij Zn, Sn, Ni, Si» and’ Sb. 

The powder technique is applicable not only for metal standards but also for 
mixtures of metals with carbon powder. Present methods of analysis of rhodium and 
iridium?-9 provide for the determination of only a small number of impurities ow- 
ing to the complexity of preparing suitable standards. Actually, however, it is 
essential to determine Pt, Pd, Au, Ru, Ir, Si, Fe, Cu, Al, Pb, Ba and Ni in rhodi- 
um and Pt, Pd, Au, Ru, Rh, Si, Fe, Cu, Al and Pb in iridium. Experience shows that 
one cannot prepare standards for the determination of all these impurities by the 
melting technique. In such cases one can have recourse either to solutions? or 
to metal powder standards. 

In preparation for tests of the solution technique, we prepared a series of 
titrated solutions of Al, Fe, Pb, Ni, Cu, Pt, Pd, Au and Ba by conventional pro- 
cedures. The silicon was put into solution by baking with soda and subsequent 
leaching with water. Ir, Rh and Ru are virtually insoluble in acids. The method 
of dissolving in a glass test tube? leads to appreciable contamination of the solu- 
tions with silicon. Hence we used the alternating current technique for dissolv- 
ing noble metals: two plates of the metal to be dissolved are immersed in a 20% 
solution of HCl; the metal is satisfactorily transferred into solution at a cur- 
rent density from 0.5 to 5 amp/em2, The standards are then prepared by mixing the 
resultant solutions and evaporating these to dryness. The dried salts are care- 
fully ground and heated in a tubular furnace at 900° in a stream of hydrogen. 

The resultant metal sponge is mixed in the proportions of 2 to 1 with carbon for 
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Comparison of the working curves based on solutions (1) and synthetic (powder) 
standards (2) for analysis of iridiun. 
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final mixture is compressed into 0.15 g pellets. 
dards was prepared by mixing metal powders using the 
base metal from the same lot. A 20 g batch consisting of a mixture of the metal, 
the impurity and carbon powder was thoroughly mixed for 14-18 hours and then com- 
pressed in a steel die 20 mm in diameter at a pressure of about 1600 kg/cm”. The 
briquettes were subjected to homogenizing (diffusion) anneal for 5-6 hours at 
1000° in a stream of hydrogen. After annealing the briquettes are ground in a 
mortar and 0.15 g portions of the mixture are taken for analysis. Comparison of 
the working curves plotted on the basis of the two series of standards (see fig.) 


show complete agreement. 


a period of 12 hours and the 
A second series of stan 


Solution standards 


Solution standards are used in our laboratory only for checking cast and 
synthetic standards and in cases when it is necessary to carry out an individual 
analysis of some new alloy. In such cases a series of titrated solutions of the 
elements in question is prepared; the requisite standards are prepared by mixing 
the appropriate solutions. Drops of the solution are applied by means of a pipet- 
te to carbon electrodes preheated to 60-80°. The electrodes have a neck-in some 
10 mm from the tip to prevent the solution from penetrating too deep into the 
electrode. The electrodes are dried in a sand bath and then are ready for analy- 
sis. 

References 


1. W.Kochlor, Metall., 7, 422 (1955). 

2. A.A.Kuranov & M.M.Sviridova, Materialy I Ural'sokogo soveshchaniya po 
spektroskopii (Transactions of the lst Ural Conference on Spectroscopy) , Sverd- 
lovsk, 1958. 

3. M.Hansen & K.Andreko, Constitution of Binary Alloys (Cited in Russ. 
trans.). 

4. V.I. Arkharov & B.A,Yunikov, Trudy in-ta fiz.metallov (Proceedings of the 
Institute of Metal Physics) Ural Branch, USSR Ac. of Sci., No.16, 62 (1955). 

5. V.K.Prokof'ev, Fotograficheskie metody kolichestvennogo spektral'nogo 
analiza metallov i splavov (Methods of quantitative spectrum analysis of metals 
and alloys), Vol.1, p.198, Gostekhizdat, 1951. 

6. A,A.Kuranov & M.M.Sviridova, Sinteticheskie etalony dlya spektral'nogo 
analiza serbra. Zavods.laboratoriya (v pechati) (Synthetic standards for spec- 
trum analysis of silver) (in print). (Trans.Industrial Laboratory). 

7. A.V.Babaeva, V.I.Belova & L.A.Nazarova, Izv.sektora platiny (Bulletin 
of the platinum sector) IONKh AN SSSR, No.20, 172 (1947). 

8. A.V.Babaeva & E.S.Lapir, Ibid., No.22, 145 (1948). 

9. C.L.Lewis, W.Z,Ott & J.E.Hawley, Canad.Min. & Met.Bulletin, 48, 208 (1955). 


- 1135 - 


METHODS OF CALIBRATION IN ANALYSIS OF ALLOYS 
- E.S.Kudelya & A.S.Dem' yanchuk 


, In analyzing diverse industrial alloys we have made extensive use of two 
calibration methods based on the use of a single standard. Our experience shows 
that the resultant accuracy is no lower than that obtained by the method of three 
standards. 

The first method, which we call the method of "fractional exposure”, may be 
briefly described as follows. Usually exposure of alloy spectra is begun after 
a period of presparking of the electrode, when the intensity of the spectrum 
lines is stabilized. If the density values of the lines do not fall outside the 
rectilinear section of the characteristic curve of the emulsion, the increments 
in density of each spectrum line for equal exposure time increases will be virtu- 
ally equal. If under these conditions we photograph on the same plate two spec- 
trograms of the standard, one with an exposure time t equal to that used for ana- 
lysis and a second with an exposure time t/2, the densities or blackenings of the 
impurity lines in the first spectrogram will correspond to the actual concentra- 
tions of the impurity in the standard and in the second spectrogram to half the 
concentration values. To equalize the blackenings of the lines of the matrix 
elements in the sample on both spectrograms one should without displacing the 
cassette after the second photograph, additionally photograph the spectrum of 
the matrix component, for example, in the case of steels and cast irons, the 
spectrum of iron. The auxiliary sample or standard should be presparked for the 
Same period as in photographing the standard itself and the exposure time should 
be selected so that the total duration of exposure of the second spectrogram 
would be equal to the exposure used for analysis. Specifically, in using this 
Single standard procedure we recommend obtaining four points for constructing the 
working curve. We photograph the spectrum of the standard with exposures of ie 
2/3 t, 1/2 t and 1/3 t and then superpose on the last three spectrograms the spec- 
tra of the matrix element with exposures of 1/3 t, 1/2 t and 2/3 t, respectively. 
This procedure is repeated three times. The spectrograms are then processed in 
the same way as in employing the three standards procedure. In the absence of 
standards of the pure metal for the supplementary photographing, one must take 
into account the contents of the determined impurity in the alloy used for the 
supplementary spectra. 

Fig.l shows the working curve for determination of Si in steels obtained by 
this procedure using UIM (Ural Scientific Research Institute of Ferrous Metallur- 
gy) standard No.57. The fractional indices following the standard number indi- 
cate the exposure time in fractions of t. To check the curve, we photographed 
the spectra of standards Nos.55, 56, 124 and 125 on the same plate. 

The second procedure, which we call the method of "dosed exposure”, consists 
of obtaining a series of spectra for the same standard with the duration of ex- 
posure for some of the spectrograms being a known fraction of the main exposure 
t and the duration of the exposure for the other spectra being multiples of t. 
The concentrations corresponding to all the spectrograms except the principal one 
(exposure t) are found by calculation. Then these calculated concentrations are 
used for plotting the working curve. 
| For analysis of low and medium alloy steels we chose UIM standard No.51 
which contains almost all the alloying elements encountered in steels. Under our 
conditions, we took t = 20 sec and the dosed exposures equal to 10, 30, 40, 50 
and 60 sec. 

By way of illustration, in Fig.2 we show the working curve for determina- 
tion of Ni in steel: curve 1 is plotted on the basis of standards set V, while 
curve 2 is plotted on the basis of standard No.51 for which the equivalent nickel 
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Fig.l. Working curve for determination of Si in steels ("fractional exposure” 
method). 
Fig.2. Working curve for determining Ni in steels (‘dosed exposure” 
method). Curve 1 is plotted on the basis of the standards of set V; 
curve 2 on the basis of UIM standard No.51 using Eq. (1); the auxili- 
ary points on curve 1 were obtained by means of Eq. (2). 


"contents were calculated for the different exposures according to the formula 


C,t 
C, % — 2 ’ (1) 


n t 


where C, is the actual concentration of the determined elements (Ni in this case) 
in the standard, : is the main exposure, i.e., the exposure used in photographing 


the spectrum of the analyzed sample, ¢ is the value of the other exposure times 


n 


in photographing the standard spectra, and Ch, is the calculated impurity concen- 


tration. 

As will be evident from Fig.2 this formula is valid only for concentrations 
lower than C,: curves 1 and 2 coincide completely in this low concentration re- 
gion. Agreement of the curves in the section for higher values of C, requires 
fulfilment of following empirical regularity 


C, (tn +17) 
on <i aaron : (2) 


where r is the common difference of the arithmetic progression, which is found 
from experiment. 

Both methods can be recommended for determining concentrations from 0.05% 
up (for phosphor from 0.01% up). Extensive use of both procedures in practice 
shows that they are applicable for quantitative spectrochemical analysis of 


metals for various alloying elements and impurities, including carbon and phos- 
phorus. 


"E.O.Paton' Institute of Electric Welding, 
Academy of Sciences of the Ukrainian SSR 
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USE OF THE "FRACTIONAL EXPOSURE" PROCEDURE FOR ANALYSIS OF SOME ALLOYS 
- E.P.Barankina 


The method of "fractional exposure" proposed by Kudelya & Dem'yanchukl (see 
preceding article) was tested by us for determination of a number of elements. 


The work was carried out on an ISP-22 spectrograph with excitation by means of 
the IG-2 spark source. 


l. Determination of Si in steel 
2 nS ot Uae rn 


The standard was a commercial sample of steel containing 4.54% Si. The ex- 
citation circuit parameters were C = 0.01 i, Ls 0.05 mh; and I = 1.4 amp; the 
spectrograph slit width was 0.025 mn; the counterelectrode was a 6 mm diameter 
carbon electrode tapered at the tip to a cone with a 1.5 mm? flat. For dilution 
we used Armco iron containing 0.19% Si. The presparking time was 60 sec; the 
total exposure te = 24 sec. The analytic line pair was Si 2881.6 - Fe 2880.7 A. 


Table l Table 2 
Exposure times and calculated Si Exposure times and calculated 
concentrations Al, Zn & Mn concentrations 


Calculated content 


S3 Redyecd Sil) Velora= 
: in standards 


tent, % Hlo— 


Electrode | con— ment 
i tent, | 3/4t.= | 2B te= 
| % = 18 Sec | = 16 sec 3/4 te =9SCC | 12t,=6 sec 
Standard 4,54 | 3,405 3,020 
Armco iron} 0,19 0,047 0,063 Al 3,63 yt) 
Calculated Sto 3,08 Zn 1,18 0,79 
concentra- Mn 0,62 0,41 


tion 


The exposure times in photographing the standard spectrum and the calculated 
concentrations of the determined elements are listed in Table 1. The deviation 
between the results of spectroscopic and chemical analyses is +2.5% on the aver- 
age. 


2. Determination of Al, Zn and Mn in magnesium alloy 


In this case the working curves for determination of Al and Zn were plotted 
by means of one standard containing 4.85% Al and 1.58% Zn. A second standard 
containing 0.82% Mn served for plotting the curve for determining Mn. In the 
future, with a view to reducing the photographing time, we hope to find among 
the production samples a single universal standard. 

spark circuit parameters: C = 0.005 pf, L= 0, I= 1.1 amp; slit = 0.025 mm; 


permanent electrode - magnesium with hemispherical tip; presparking time = 60 
sec; full exposure time te = 12 sec. 


The standards were diluted with pure magnesium to the calculated concentra- 
tions listed in Table 2. 

We used the analytic lines: Al 3082.2, Zn 3345.0 and Mn 2949.2 A. The refer- 
ence was the Mg 3074.0 A line. The deviations between the results of spectro- 


‘scopic and chemical analyses amounted on the average to +3% for determining alu- 


minum, +5% for zinc and +5% for manganese. The calibration curve for determining 
Al is reproduced in Fig.1. 
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Fig.l. Working curve for determina- 
tion of Al in magnesium alloy. 


Fig.2. Working curve for determina- 
tion of Ti in aluminum alloy. 


3, Determination of Ti in aluminum alloy 
oe DO ee ee 


The standard in this case was a commercial sample containing 0.112% Ti. 
Spark circuit parameters: C = 0.005) ut, b =O. Leh ie 1.2 amp ; spectrograph 
slit - 0.025 mm; permanent electrode - aluminum with hemispherical tip; prespark- 
ing time - 90 sec; total exposure time t, = 36 sec. 

The standards were diluted with pure aluminum to the calculated concentra- 


tions listed in Table 3. 


Table 3 Table 4 
Exposure times and calculated Ti Exposure times and calculated Be 
concentrations concentrations 
Calculated 3 Calculated 
Te CONC. e8 % ee Be cone.; % 
Tid 
ae A= | i2ta=| ifkte=| ibte= 
apes Ne MA eeree’ ene CS - aoe Pas scores Sec 
| 4 0,0010 0,0005 — 
hen Bree 7 | 0,0006 | 0,0003 | 0,0002 


The analytic pair was Ti 3349.4 - Al 3066.2 A. The deviation between the 
results of spectroscopic and chemical analyses amounted to +6% on the average. 
The working curve is shown in Fig.2. 


4. Determination of Be in magnesium alloy 


Beryllium concentrations in the range from 0.0002 to 0.0020% were determined 
with reference to spectrograms which also served for the determination of other 
elements, the concentrations of which varied from tenths to several percent. 

Hence the spectrum was photographed under the usual conditions for analysis of 
the magnesium alloy. The analytic Be 3130.4 A line was very weak and the working 
curve was not a straight line. The relative intensity was gaged with reference 
to the continuum to the right of the Be line. 

Spark circuit parameters: C = 0.005 uf, L = 0, I = 1.1 amp; permanent elec- | 
trode - magnesium with hemispherical tip; presparking time - 60 sec, total ex- | 
posure te = 12 sec. The standards available to us contained 0.0012% beryllium ; 
and higher. To enhance the accuracy in plotting the working curve we "diluted" 

: 
| 


Pe oe 
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two standards with beryllium concentrations 
of 0.0020 and 0.0012%. The standards were 
diluted with pure magnesium to the concentra-— 
tions indicated in Table 4. 

No chemical analyses of the samples with 
low beryllium concentrations were made. Ac- 
cording to calculations based on proportion- 
ing of the melts, the beryllium content in 
the samples amounted to 0.0002-0.0005%. The 


ii i! nes /} t “27009 6 results of spectroscopic analysis substanti- 
6-8 Ge; G7 7h, by te, ate this evaluation. The workin curve i 
G,0002 80003 00005 0.0006 aooto n0012 0.0020 6,% shown in Fig.3. a . 
Thus we have shown that it is feasible 
Fig. 3. Working curve for deter- to use the "fractional exposure" method of 
mination of Be in magnesium al- spectroscopic analysis. This procedure is 
loy: 1) data for standard No.4; now being employed where lack of suitable 
2) data for standard No.7. standards prevents the use of other methods. 
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PREPARATION OF STANDARDS OF DIFFERENT ALLOYS AND INVESTIGATION OF THE INFLUENCE 
OF "THIRD" ELEMENTS IN THEM 
- K.A,Sukhenko, 0.I.Mladentseva & A.V. Aksenova 


To meet the different demands of industry we have developed, investigated 
and are now producing standards for analysis of aluminum, nickel and titanium 
alloys and heat-resistant steels. Many of these alloys are very complex as re- 
gards composition and in addition to a high concentration (20-30%) of some ele- 
ments contain various impurities in concentrations from 0.01 to 0.0005%. 

The technology of casting aluminum alloy standards is well developed and 
provides for obtaining a large number of standards of good quality. Thus,for 
example,standards of different types of aluminum and silicon alloys can now 
readily be prepared by the continuous casting method in the form of wire, which 
makes it possible to produce large sets of standards for analysis of these al- 
loys and fully satisfy the requirements of industry. 

Titanium alloy standards are prepared by the method of arc melting with 
two-fold remelting. The ingots obtained after the second remelting are forged 
into 12 mm diameter rods, cut into 110 mm lengths and finally machined on lathes. 

The optimal conditions selected and specified by us for analysis of titani- 
um alloys are the following: source unit - IG-2 spark generator (settings: C = 
= 0.01 uf, L = 0.01 mh), counterelectrode - carbon. For the VT-2, the spark gap 
_ should be 2 mm, sparking time - 1 min 30 sec; for the VT-3-4-5, 2.5 mm and 40 
sec, respectively, and for the VT-6, 2.5 mm and 1 min 40 sec, respectively. The 
attainable accuracy is listed in the accompanying table.* 

One of the fundamental problems in preparing standards is evaluation of the 
influence of "third" elements on the results of spectrochemical analysis. Re- 


*K.A.Moiseev participated in this part of the work. 
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search in this field showed that this in- 
fluence in some cases is negligible, and 
that one can therefore use a single set of 
standards for the analysis of several spe- 
cific alloys. For example, it was estab- 
lished that one can use one set of stand- 
ards for analysis of nickel alloys E1437 
and E1435, duraluminum alloys Dl, D16, D3P, 
D6 and certain others, aluminum alloy Al-7 
and duraluminum, aluminum alloys Al-4 and 
Al-5, and magnesium alloys MA-4 and MA-5. 

At the same time there are many cases 

74-12 -10 -0809C when the introduction of a new element in- 
to the alloy produces a substantial change 

As Ph 2893 (6b) in the properties and structure of the alloy 

“GT Cr 2840 Jf and leads to shift of the working curves. 

-O3 Thus, for example, the introduction of more 

than 0.5% Zn into most aluminum alloys has 

a strong effect on the determination of 

magnesium. Again, whereas nickel alloys 

“a aD 2d DE? Og C EI437 and EI617 differ relatively little 

as regards composition, the working curves 
Working curves for determination of for determining Pb, B, Cr, Al and Ti in 
boron (a) and lead (b) in nickel al- them are well separated. 
loys. Source - DG-1 are unit, I = A certain influence of "third" elements 
= 1-9 amp. The numbers identifying in analysis of complex nickel alloys is ob- 
the points correspond to the stand- served in the case of elements present in 
ard Nos. both low and high concentrations. By way 

of illustration we show in the accompanying 
figure the working curves for determination of B and Pb in nickel alloys of dif- 
ferent composition. 

With a view to minimizing the influence of "third" elements in determination 
of boron in nickel alloys with excitation of the spectrum by a DG-1 arc source, 
we carried out a series of experiments in which we varied the current strength, 
the material and shape of the permanent electrode and a number of other factors; 
no significant diminution of the influence was observed under any conditions. 

For other components, however, it was established that the influence of "third" 


B 2497 
Ni 2546 


ho ee OC Le 16 


-O5 


by using pulsed sources. We are undertakin 
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elements on the analytic results can be reduced b 
source and also by increasing the discharge power 


It has recently been reported by Vorontsov! a 
that the influence of "third" 


y suitable choice of the light 
with any given source. 

nd Shtutman and his co-workers2 
components in analysis of alloys can be minimized 


: § a study of this technique in collabo- 
ration with the plant laboratories. 
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RAPID SPECTROSCOPIC ANALYSIS OF METALLOMETRIC SPECIMENS FOR RARE ALKALI METALS , 
BORON, FLUORINE AND OTHER ELEMENTS 
- P.A, Stepanov, E.A,Sergeev, M.V.Belobragina & M.S, Leshchinskaya 


In routine spectrochemical analysis of metallometric specimens the elements 
Li, Rb, Cs, B, F and Be are not determined with the requisite sensitivity and 
hence are often reported simply as ‘traces",1-3 

Adequately sensitive analysis of assay samples for Li, Rb and Cs can be re- 
alized under certain conditions by the familiar procedure of vaporizing the 
powdered sample from a hollow carbon electrode in an arc. The temperature of 
the discharge plasma is stabilized by the introduction of potassium (in the form 
of a 20% solution of KC1) into the sample after packing it into the electrode. 
The excess potassium serves to enhance the analytic sensitivity and suppresses 
the influence of variable concentration of the other alkali metals in natural 
samples on the analytic results. 

In our work we carried out the analyses with reference to the strongest 
lines located in the infrared region of the spectrum, namely, Li 6707.8 and 8126.5, 
Rb 7947.6 or 7800.2 and Cs 8521.1 A. The use of infrared "Infra-840" plates pro- 
vides for simultaneous determination of Li, Rb and Cs with a sensitivity of 
0.0002%. The concentrations of these elements were determined from the absolute 
line blackenings as measured by means of a microphotometer. The quality of the 
spectrograms was monitored with respect to the blackening of the potassium lines 
and the background (it was required that these intensities be constant). Evalu- 


ation of concentrations in the 0.0005 to 0.05% range was carried out on the basis 


of working curves plotted in terms of S vs log C for which purpose we recorded 10 
standards spectra on each 9 x 12 cm plate (in addition to about 200 sample spec- 


tra). 


A typical set of working curves is reproduced in the accompanying figure. 
The data of semiqualitative analyses, as is the practice in metallometric work, 


are expressed in terms of a one digit number. The specified burning conditions 
(current strength - 20 amp, exposure - 40 sec) insure virtually complete vapor- 
ization of the alkali metals in most mineral compounds. Thus differences in 


- mineralogical composition have no significant influence on the analytic results. 
The reproducibility is approximately that usual for semiqualitative spectrum 


é 


fii 


PES 


PRY 


analysis: for Li and Cs the results of repeated analysis in 85% of the cases 
differ by less than a factor of two; for Rb by not more than a factor of 3. The 


- 1142 - 


productivity of a working crew of four is 200 
or more analyses per shift. 


: : Most convenient for analysis is the 
oe || fee ISP-51 spectrograph with an UF-84 camera. 
200 H 3 With some slight sacrifice of sensitivity, 


however, the procedure can be carried out on 
the ISP-51 with an f = 270 mm camera or on 
l | the ISP-28 or ISP-22 spectrographs, commonly 


employed in field laboratories. In the case 
of the ISP-28 the cassette should be shifted 
15 mm to the right from the usual position; 
in the case of the ISP-22, on the contrary, 
the spectrum should be shifted to the left. 
40 Pool ae er In 1957-58 tens of thousands of analyses 
2857 L357 62357 236% of metallometric samples for Li, Rb and Cs 


ds pes wy were carried out by the described procedure. 
Working curves for determination At a number of geological sites there were 
of Li, Rb and Cs. brought out anomalies in the concentrations 


of rare alkali elements, which clearly out- 
lined the location of the rare-metal pegmatite body. 

The sensitivity in determining Li, Rb and Cs attained with this procedure 
fully satisfies with requirements of metallometric work. The analytic procedure 
is described in Ref.4. 

Analysis of metallometric specimens for B, Fl, Li and Be, together with 
determination of a number of other elements, can be carried out by the familiar 
procedure of sifting a fine powder through an arc between copper electrodes. In 
this case Fl is determined with reference to the molecular band with its edge at 
5291 A boron with reference to the B 2497.5 and 2496.7 A lines, lithium with 
reference to the Li 6707.8 A line, and beryllium with reference to the Be 2348.6, 
3131.0 and 2650.6 A lines. The spectrum in the 2300 to 7000 A range is photo- 
graphed at the same time on two plates - positive and panchromatic. The excess 
calcium in the discharge zone necessary for formation of the CaF molecular bands 
is provided by the addition of CaCO3 to the sample in the proportion of 3 tovlipy 
volume. At the same time, the addition of the calcium carbonate reduces the,in- 
fluence of the matrix on the results of determination of Be, B and Li. 

The dusting is carried out by means of an AVR-2 shaker stand with the usual 
funnel replaced by a vibrating pan (after V.V.Nedler). Are current - 20 amp, ex- 
posure - 15 sec, batch - 200 mg. The blackening of the lines is evaluated by the 
step-weakener method. The sensitivity of analysis is 2-10-4% for Be and B, 5-10-4%, 
for Li, and 5-1072%, for Fl. The procedure is rapid and efficient, and assures 
the reproducibility common to semiqualitative analyses: in 85% of the cases re- 
sults of repeated analyses deviate by a factor of not more than 2-3. 

At the same time a number of other elements is determined with reference to 
the corresponding line with the usual sensitivity. 
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QUANTITATIVE SPECTROSCOPIC DETERMINATION OF THE PRINCIPAL COMPONENTS OF 
INTRUSIVE ROCKS 


- T.S.Reshetina 


The analytic procedure proposed herein is based on the method of a common 
standard! in which some element present in all the tested samples is chosen as 
the common internal standard. In our case we chose Al as the internal standard; 
this is particularly convenient in view of the fact that its concentration is 
nearly constant (15 to 18% A1203) in normal calcareous alkali-metal rocks and 
minerals. 

Let us use the chemical formulas for the respective compounds to denote the 
relative concentrations of the elements in the sample. Our procedure is predi- 


cated on calculations which are based on the fact that the total content of all 
oxides may be taken as 100%, i.e., 


Si02 + Al,03 + MnO + MgO + Feyotin FesO3 equivalent+ 


whence 
Al,03 = = / (1) 
' SiO, MnO di MgO TiO,  Fetotin Fes03 equivalent : 
eKGe | Aloe) aL. ALG, AlaOg lors 


Analysis is carried out Simultaneously for all the principal components. 

The constituents that are not determined by the spectroscopic procedure (COo, 
Hj20t, H20~, organic substances, etc.) are determined beforehand by chemical analy- 
sis, while Kj0 and Na,0 are determined beforehand by flame photometry. The ratios 
Si09/A1203, Mn0/Al90, and so on are found from calibration curves constructed on 
the basis of three standards (suitable samples of granite, gabbrodiorite and dia- 
base repeatedly analyzed by chemical procedures) in terms of the difference in the 
degree of blackening of the line of the analyzed element and the reference element 
(Al) vs the logarithm of the ratio of the concentration of the element oxides to 
the concentration of Alj03. The values of Si05/A1203, Mn0/Al903, and so on taken 
off the curves are then substituted in Eq.(1). Finally, multiplying the values 

of $102/A1920., Mn0/Al1903, etc., by the Alj03 content we find the sought values of 
Si02, MnO, MgO, CaO, Ti0g and Fetot (in Fep03 equivalent). 

The actual measurement procedure we employed is the following. 

The samples and standards are ground to a grain size of 0.05 mm and mixed 
in the proportion of 1 to 2 with spectroscopically pure carbon powder. The spec- 
tra are photographed on an ISP-22 spectrograph, using a de arc source (10 amp, 

220 v). The spectra of the samples and standards are photographed three times 
on each plate (Type 2 Spectroscopic, speed 12 GOST units). ; 

We used the following analytic lines: Si 2568.6 and 2577.1 A, Mn 2801.1 and 
2949.2 A, Mg 2779.8 and 2776.7 A, Fe-2912.2 A, Ti 2956.1 and 2933.6 A, Ca 3181.3 
and 3179.8 A. The reference lines were Al 3064.3 and 2562.4 A. 

The described procedure was employed for analysis of 60 samples of diverse 
intrusive rocks. The results of spectroscopic analysis were compared with the 
results of chemical analysis. Some of the results of chemical and spectroscopic 
analyses for acid, neutral and basic rocks are juxtaposed in Table l. 

For a more dependable evaluation of the two methods of analysis, we also de- 


termined the reproducibility of the results (Table 2). The reproducibility of 


the spectrographic method was calculated for 10 samples on the basis of three 
spectrograms with three-time photography of each sample on a separate plate. The 
reproducibility of the chemical method was calculated for five samples, each hbe- 


ing analyzed four times. 
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Table 1 


Comparison of the results of spectroscopic analysis with the data of 
chemical analysis 


l = oe 
soia rocks, |) Neural rect? | (0 Samples) _ 
Oxide ge: Panis Rake ' Conc. 
Waren ee soe Poe ae he | range, % 
( { : 
p 5 2 an! 45-60 350 40--50 
AOs ies are 3°09 13-19 3°38 12419 
MnO 22) 001=-0,4 47 0,1--0,15 30 0,10, 
MgO = 0,01-+2 8,3 “hesaii(G) 7,4 a 
Fetot Ne. 2 0,5+6 9,03 5-15 78 E 
in Fe,03 
equivalent ies pee 
mee mete Ur ga) 3310 
Table 2 It will be evident from an examination 
Reproducibility of spectroscopic of Table 2 that the reproducibility of the 
and chemical analyses two methods differs for different components: 
— as regards Sido the reproducibility is better 
Reproducibility for the chemical method, whereas for Al903, 
oxide | — MnO, Feo03, Ti0g and CaO, on the contrary, 
Spectrum | “emt the reproducibility of the spectrographic 
, cal method is superior; for MgO the reproducibili- 
eA wal sgemle Oo ties are nearly equal. Thus the reproducibili- 
Al.O3 Boe 5,60 ty of spectrographic analysis in most cases 
MnO 696 Dee is at least as good as that of chemical analy- 
oe 4.97 6,78 sis and in individual cases distinctly superior. 
TiOs 6,06 10,9 
CaO 6,19 8,08 


Institute of the Geology of Ore Deposits, 
Petrography, Mineralogy and Geochemistry, 
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References 


1. W.H.Dennen & W.C,Fowler, Bull.Geol.Soc.Amer., 66, No.6 (1955). 


* * * * * 


CHEMICO-SPECTROSCOPIC DETERMINATION OF MOLYBDENUM AND TUNGSTEN IN IGNEOUS ROCK 
- L. I. Pavlenko 


The lack of sensitive, rapid and precise methods of determining W and Mo in 
concentrations of 1073 to 1076% in rocks has until now hindered extensive geo- 
chemical studies and is the reason for the paucity of data on the content of W 
and its proportion to Mo in different geological formations. 

The technique developed in our laboratory for determining small amounts of 
Mo and W in rocks has made it possible to elucidate the variation in the content 
of these elements in rocks of different alkalinity.1 

In cases when the concentration of the elements exceeded 10-4%, the most ef- 
fective method for determining Mo proved to be that of direct spectroscopic analy- 
sis of the rocks2, the mean error of which amounts to ~10%. i 
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Analysis for W was carried out by the method of direct spectroscopic deter- 

mination with the addition of silver chloride to the sample to enhance the sensi- 

| oe The sensitivity of such determinations of W is ~ 2-10-49; the mean error 
2t10%. 


In most cases, however, spectroscopic determination must be 


preceded by 
chemical enrichment. ! 


To this end a 1 g sample of the rock is fused with sodium 
carbonate, the melt is treated with water (~150 ml), filtered, and washed with a 


1% solution of NajC03. The filtrate is acidified with HCl to 0.18 to 0.2 N. 
Then a 2% solution of tannin and methyl violet is added to the filtrate; these 
precipitate the W and Mo. The precipitate is filtered, washed, dried, reduced 
to ash and then subjected to spectroscopic analysis. 

Radioactive isotopes were used to determine the optimum conditions of analy- 
sis and degree of concentration of the determined elements. Obozhin3? established 
that in contrast to many other precipitating agents, the mixture of methyl violet 
and tannin is capable of precipitating W and Mo in concentrations to ~5-1010 g- 
-atom/liter. At a tungsten concentration of ~4+107-5%, the described enrichment 

“procedure assures a virtually total concentration of the elements into the preci- 
pitate. A small decrease in the precipitation of W is observed only for tannin 
to methyl violet proportions appreciably exceeding 2 to l. 

| The spectroscopic determination of molybdenum was carried out with de arc 

excitation spectrograph with a three-lens condenser. We used carbon electrodes 
with a 3.5 mm diameter, 2.5 mm deep hollow for the sample. Spectrograph slit - 
0.02 mm, arc current - 10 amp, exposure - 2.5 min, weight of sample - 10 mg (2 

‘mg of the precipitate obtained after enrichment of the rock plus 8 mg of a sili- 
cate matrix). The spectrum was photographed on spectroscopic type II plates. 

The analytic line was Mo 3170.35 A. 

The tungsten content was determined on an ISP-5l1 spectrograph with a UF-85 
camera. Under these conditions one can use the W 4294.6 A line inasmuch as this 
is not overlapped by the lines of any other element present in the rocks. Other- 
wise the analytic conditions were the same as for determination of Mo. 

The standards for plotting the working curves were prepared with the same 
matrix as used in diluting the samples for analysis. The investigated elements 

y were introduced into the matrix in the form of Mo0g and WO3. The working curves 

were plotted by the method of three standards in terms of log R vs log C, where 
log R is the intensity of the line referred to the adjacent background. 

The sensitivity of the described chemico-spectroscopic procedure is 2-10-67 
for determining Mo and 5-10-5% for determining W. The systematic error involved 
in the procedure was checked by control experiments and by comparing the data ob- 

_ tained with the results of polarographic analysis. It was established that the 

arithmetic mean deviation in the chemico-spectroscopic determination does not ex- 

ceed 12-15%. 


_ "y.I.Vernadskii" Institute of Geochemistry & Analytic Chemistry 
_ Academy of Sciences of the USSR 
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SPECTROSCOPIC ANALYSIS OF LUMINESCENCE-PURE ZINC SULFIDE AND SULFATE 
WITH THE AID OF CHEMICAL ENR ICHMENT 


- V.N.Vasil'eva, L.A.Dvorzhetskaya, L.Ya.Markovskii 
and L.Ya.Khlebnikova 


The high requirements as regards purity set for zine sulfide intended for 
synthesis of crystal phosphors make it imperative to develop reliable analytic 
procedures for determining minute amounts of the heavy metals Cu, Fe, Ni and Co. 
Calorimetric procedures for determination of the enumerated elements were devel- 
oped in the IREA (Institute of Chemical Reagents) .1 The complexity of these pro- 
cedures and the time required for an individual analysis, particularly, in deter- 
mining Ni and Co, make it desirable to develop simpler and more rapid analytic 
methods. 

According to the pertinent technical specifications, the maximum allowable 
amounts of the above mentioned metals in luminescence grade zinc sulfide are Cu - 
5-10-6%, Fe - 5+°1075%, and Ni and Co - 1-10-5%, The direct spectrum analysis 
technique for luminescence grade ZnS (see Ref.2) assures the requisite sensitivi- 
ty of analysis only for Cu. In the case of Fe, the allowable percentage lies at 
the sensitivity threshold of the procedure. As for Ni and Co, the sensitivity of 
the analytic procedure for these elements is obviously inadequate; according to 
our data, the sensitivity is approximately 1.5 orders of magnitude lower than 
that required. 

In view of the above we made an attempt to develop a spectroscopic method 
for determining Fe, Ni and Co in ZnS based on the use of chemical enrichment. 

According to the data in the literature?” 
chemical extractive enrichment as a preliminary 
to spectrum analysis has been used for the de- 
termination of a number of substances with a 
sensitivity of up to ~10-5%, In the present 
research we made the first experimental attempt 
at such enrichment for ZnS and ZnSOq4 (the lat- 
ter is an intermediate product in the produc- 
tion of ZnS). In view of the fact that in the 
enrichment process, simultaneously with Fe, Ni 
and Co, copper is also separated out, we evalu- 
ated the possibility of determining this ele- 

“05 0 a5 10 log C ment as well. 

03 / Z, 10 Cyy The essential steps of the procedure are the 

following. A 10 g sample of ZnS is dissolved 
Working curves for determination in HCl and converted to ZnSO4.* The enrichment 
of microimpurities in ZnSO4 & ans r pba with precipitation of the Fe, Ni, 

o and Cu microimpuritie i ~ 
-nitroso-B-naphthol, cupferron and dincthythigeeney and ont reseion Stee 
ae organo-metallic compounds with isoamyl alcohol and chloroform. After extrac- 

ion Se picu smear aii eliminated by evaporation and subsequent heating. 
of analysis of ZnSO4, the enrichment (50 ml 10% soluti i 
carried out in the same manner, using th Soe ae 
; g the same reagents but at a different pH. 


The degree of enrichment (referred to the Z 
ne ls ~ i 
~50 in the case of ZnSO4. 2 equals 100) 1p ERS CA 6e oly anes 


log I, 


niga 


*Enrichment in ZnSO4 solutions proceeds better than in ZnClg solutions 
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The sample for spectroscopic analysis is taken in the form of a weakly acid 
water solution (0.6 ml) of the chlorides of zinc and the microimpurities. The 


_ spectroscopic source is an 8 amp dc arc between ordinary spectroscopic grade car- 
bon electrodes. 


The lower electrode is first burned in and soaked with a solution 

of polystyrene in benzene. Then three drops of the investigated concentrate are 
applied to the tip of the electrode, and the electrode is dried by slow heating. 
It is then connected,while still hot, as the anode. The analysis is carried out 
on an ISP-28 spectrograph with three-lens illumination of the slit; the exposure 
is 30 sec. The spectrum is photographed on "spectroscopic" type 2 plates with a 
sensitivity of 16 GOST units. The blackening is measured on an MF-2 microdenso- 
meter. The analytic lines are Fe 3059 A, Ni 3050 A, Co 3044 A, and Cu 3274 A. 
The determination is made with reference to working curves plotted on the basis 
of standard ZnSO4 solutions enriched according to the procedure developed for 
ZnSO4.* The same working curves serve for determination of impurities in both 
2nSO4 and ZnS (see accompanying figure). 

The data on the analytic sensitivity (in percent) are listed below. For Fe 
and Cu the sensitivity was determined by diluting the enriched concentrate. 


Ni Co Fe Cu 
zns 2107p 4:10-6 6 
~ og ~ -38 
ZnSO 4 4+10-6 7+1076 a ie 


: The mean arithmetic error of analysis was evaluated to be 15% for Co and 
25% for Ni and Fe. As regards Cu, the analytic results cannot be regarded as 
satisfactory: the error may attain 60%. It must be noted that owing to the un- 
availability of sufficiently pure ZnS samples, we were unable to check the de- 

_termination of Fe in material containing less than 5.10759, Fe. 

The present investigation showed that the method of chemical extractive en- 
richment allows of increasing the sensitivity of spectroscopic determination of 
Fe, Ni, Co and Cu impurities in ZnS and ZnSOq4 by two orders of magnitude. The 
results of test quantitative analyses for Fe, Ni and Co were satisfactory, all 
three elements being determined simultaneously. Nevertheless, we feel that the 

“developed analytic procedure requires further improvement and amelioration. 


State Institute of Applied Chemistry 
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*Chemical analyses of the samples and initial solutions for the standards 
“were carried out by the IREA procedures.1] In carrying out the analysis At 15 €S~ 
sential to take into account the content of the various microimpurities in the 


reagents employed. 
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SPECTROSCOPIC DETERMINATION OF URANIUM BY THE METHOD OF ISOTOPIC DOPING 


- N.P. Ivanov 


al-3 that the accuracy and general applicability of 
spectroscopic procedures for the determination of uranium can be Spe ee by 

the introduction of known quantities of its light isotopes, u235 and U4%°, into 
the analyzed sample. In this article we give the principal results of further 
development of this procedure, which has been called the method of isotopic dop- 


ing. 


It has been reporte 


It is known that the spectrum background hampers evaluation of the relative 
intensities of the spectrum lines. These difficulties, which are particularly 
serious in the case of photographic recording, limited the accuracy of the origi- 
nal versions of the isotopic procedure in which the amounts of light isotopes 
added were of the order of 3-5%. We found it possible to increase the accuracy 
of analysis in two ways. In carrying out the analysis by 
the method of "equal blackenings'’ different amounts of the 
same light isotope are added to equal batches of the sample. 
The photometric data are then used for plotting the differ- 
Cy 295 ence between the blackenings of the isotopic component lines, 
AS = 5y238 — S235) against the concentration of the light 
element, Cy2q35- The point of intersection of ei plot with 
the concentration axis gives the concentration Cy235 at which 
Cy 295 the intensities of the lines of both components are equal 
(Fig.1). The sought concentration C, is then calculated by 
means of the simple formula 


oO 
Cy 235 Cx = Cy235°D, 


where D is a coefficient which is constant for all measure- 
ments carried out with the given specimen of the light iso- 
Fig.l. Three cases tope and is defined by the expression 

of location of the 


experimental curve D = [mg/m, — 1/n] / [1 —k (1 — mg/m,)], 
(solid line); the 
upper and lower where m;:/m; is the ratio of the mass numbers of u238 ana 


curves are extended y235, nis the isotopic ratio of the light isotope specimen 
to obtain the value used for doping, and & is a coefficient which takes into ac- 
of Cy2a35 at the count the content of the light isotope in natural uranium and 
point of intersec- is numerically equal to 0.007. In view of the fact that in 
tion with the con- this case there is no need to take into account the back- 
centration axis ground or convert from blackenings to intensities, the ac- 
(dashed line). curacy of analysis is enhanced. In tests of the equal black- 

enings procedure on samples containing high concentrations 
(1-10%) of uranium there was obtained an average reproducibility of +1.2%. The 
deviation between the results of spectroscopic and chemical analyses was +2. 2%; 
the deviation between two consecutive determinations was 1.2% for the spectro- 
scopic procedure, and 1.7% for the chemical procedure. In the case of low urani- 
um concentrations (0.01-1%) the reproducibility was +1.3%; the deviation between 
the results of spectroscopic and chemical analyses +1.6%. 

The method of "two isotopes" consists in the introduction simultaneously of 
ewO light isotopes. The sought concentration is found graphically from the two 
points corresponding to the known concentrations of U235 and U233 (Fig.2). The 

two isotopes’ procedure also dispenses with taking into account the background 
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Fig.2. a - above characteristic curve of the photo- 
graphic emulsion; below - working curve: Cy) u235 
concentration, Co) yu238 concentration, Ca) u233 
concentration. The sought concentration Cy, is ob- 
‘tained by subtracting the amount of U238 intro- 
duced into the sample together with the light iso- 
tope from the value of Co. b = expanded spectrum 
of sample containing light 
uranium isotopes; this il- 
lustrates the possibility 
of separating the isotop- 
ic components of the 

U 4244 & analytic line 
from the neighboring 

lines of the other ele- 
-Ients (ISP-51 spectro- 
graph with UF-85 camera). 


which makes it feasible 

to obtain results with an 
accuracy of the order of 
+1-2%. The procedure is 
exceptionally simple and 
requires only one batch of 
the sample material for 
analysis. This makes it possible to employ preliminary chemical concentration, 
which, in view of identity of the chemical properties of isotopes, can be re- 
duced to the simplest type. The method of "two isotopes” provides for the deter- 
mination of uranium in very low concentrations (10-5-10-7%) with a very high ac- 
curacy for such low concentrations and also for determination of uranium in 
samples with a high content of elements close to uranium as regards chemical 
.properties (thorium and the rare earths). 

For certain technological and production control purposes what is important 
is not so much high accuracy of analysis as rapidity. To this end we developed 
a number of special procedures, one of which consists of the following. 

Let Cy be the critical concentration, i.e., the concentration below which 
the given material is dumped and above which it goes for further processing. 
There is added to the sample a certain amount of the light isotope, Cy 235, cal- 
culated by means of the formula C, = Cyg35°D. The spectrum is photographed or 
observed visually for the purpose of determining the ratio of intensities of the 
isotopic component lines. If the intensity of the U238 lines is higher than that 
of the U235 lines, the uranium concentration is higher than C, and the material 
‘goes for further processing; with the inverse intensity ratio the material is 
dumped. This analytic procedure requires only a few minutes. 


"y.I.Vernadskii"” Institute of Geochemistry and Analytic Chemistry, 
Academy of Sciences of the USSR 
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SPECTROSCOPIC DETERMINATION OF THE RELATIVE Sr AND Ca CONCENTRATIONS 


IN BIOLOGICAL SPECIMENS y: 
- G.D.Litovchenko & S,A.Shipitsyn 


The rare-earth elements Sr and, particularly, Ca, are widely distributed in 
nature both in inorganic and in organic substances. As a a Sr accompanies 
Ca and its concentration frequently varies with that of c2- The reasons for 
this are, first, that these elements have close ionic radii and hence their ions 
can replace each other in crystal lattices, and, second, that their chemical Prog 
perties although not identical, are rather similar. As a result of some physical 
and chemical differences, however, the relative concentration Otay usually de- 
creases relative to that of Ca in going up the "biological scale’, i.e., in going 
from the soil to plants and from plants to animals. 

It is assumed that one can calculate the Sr concentration in animal organs 
if one knows its concentration in the soil of the neighborhood and has the values 
of the correlation factors or so-called protective coefficients characterizing 
the variation of the ratio of Sr to Ca: Ky - the coefficient in going from soil 
to plants, Kg - from plants to food, Kg - from food to blood, and Ky - from blood 
to bones. In addition, one must of course also know the Ca content in the or- 
gans. These same coefficients can be used for determining the content of radio- 
active §r90 in bones if one knows its concentration in the soil.? 

Our purpose was to apply spectroscopic analysis for the determination of the 
Sr to Ca concentration ratio. We analyzed samples of different bio- and geochemi- 
cal origins: soil, plant ashes and animal husbandry products as well as dry resi- 
dues of water samples. 

With a view to reducing the influence of the principal compo- 
nents of the samples and increasing the reproducibility of the 
analyses, we employed a new variant of spark excitation of powder 
samples in which the upper electrode (see figure) is an aluminum 
or brass tube. The lower end of this tube is closed with a copper 
cap (a cartridge cap) pressed out to a cone, at the apex of which 
is a 0.8 mm diameter opening. The lower electrode is copper and 
has a flat face. The finely ground and thoroughly dried sample 
in the amount of 50-100 mg is loaded into the upper electrode. 
Approximately 5-7 mg of the sample are expended in obtaining each 
spectrogram (in the case of Ca concentrations above 10% the sample 
is diluted with NaCl). The operating conditions of the spark 
source are selected so that the explosive wave of each discharge 
train will agitate the powder in the tube and assure uniform dis- 
charge of the sample through the 0.8 mm diameter opening. Extreme- 
ly "hard" discharge conditions may lead to partial ejection of the 
powder through the top of the tube particularly when there is lit- 
tle material left in the tube. In addition, there may appear in- 
terference lines with high excitation energies. On the other hand, 
a high inductance in the spark circuit, i.e., a condition under 
which the discharge approaches an arc, favors caking of the sample 
material and even clogging of the opening due to fusion. 

In using the IG-2 spark source, the most suitable circuit 
parameters are L = 0.15 mh, C = 0.01 uf, auxiliary gap 3 mm, dis- 
charge gap 1.8 mm, one discharge train per half-cycle. 
wuts It must be noted that in the process of prolonged (repeat) 
exciting the recording of the spectra of some samples, the opening in the up- : 
spark spectra per electrode does become partially caked and the rate of flow of 
of powdered the sample material is reduced. Hence for more effective utiliza- 
samples. tion of the light flux with the three-lens condenser illuminating 


Electrode 
assembly for 


~~ 


=e OL h- 


system we reduced the exposure to 25-30 sec. 
photographed 2-3 times. 
a special needle. 


The spectra of all samples were 
Between each run, the opening was cleared to size with 


In our work we used an ISP-22 spectrograph, recording the spectrograms 
through a two- or three-step weakener on type II spectrographic plates (speed 
26 GOST units). The weakeners yielded convenient density steps and at the same 
time served for plotting the characteristic curve of the emulsion. 

The first part of the work consisted in determining the absolute concentra- 
tions of Sr and Ca in the investigated materials. We used the following analytic 
lines: 4215.52 and 4077.71 A for Sr, and 4226.72 A for Ca in the range of low 
concentrations and 4318.65 A for Ca concentrations above 0.3%. The last line 
cannot be used in the case of appreciable concentrations of Ti. The reference 
line was Cr 4254.35 A. The standards were prepared with NaCl as the base and 
encompassed Sr concentrations from 0.01 to 1.0% and Ca concentrations from 0.1 
to 10.0%. The reference element, Cr, was introduced in the form of K2Cro07 into 
NaCl in a concentration of 1.0%. Both the standards and samples were mixed with 
this working mixture in the proportions of 2 to l. 

The working curves were plotted in terms of log (I/I9) vs log C; from these 
we first determined the concentrations of Sr and Ca and then calculated their 
ratio. The concentration sensitivity of the method proved to be high; the stand- 
ard error of an individual determination was evaluated to be 7.1% for Sr and 
somewhat higher for Ca. 

The second part of the work consisted in finding the variation of log (Ig;/ 
/Ica) with log (Cg,/Co,)- For this purpose we prepared standards with values of 
Csr/Cog in the range from 0.001 to 0.06. The curve plotted on the basis of photo- 
metric measurements of the spectrogram proved to be linear over almost the entire 
range of concentrations, but showed some tendence to saturation in the region of 
the highest concentrations. Using this curve we could, from the spectra of the 
samples without the reference element, find Cg;/Ccg from the relative intensities 
of the spectrum lines and hence calculate the protective coefficients. For ex- 
ample, for different soils and plants growing therein, we obtained values of Ky 
ranging from 0.35 to 0.95. Thus it would appear that the protective coefficient 
for this step in the biological series is not constant but depends on the abso- 
lute concentrations of Sr and Ca and possibly a number of other factors. 


Spectroscopic Laboratory, 
"A.A. Zhdanov" Irkutsk State University 
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SPECTROSCOPIC DETERMINATION OF MICROELEMENTS IN TISSUE PROTEINS 
- §.G.Bogomolov, F,D.Drobiz & A. G. Morozov 


Spectroscopic procedures are now coming into extensive use for the determin- 


ation of microelements.172 : : 

The present work was devoted to determination of Co, Ni and Cu in the con- 
centration range from 0.1 to 0.001% in animal proteins. Ths proces bdchtce obs” 
tracted from different organs of white rats by precipitation with trichloroacetic 
acid, followed by washing with alcohol, acetone and ether. The extracted samples 
were dried at 105° to constant weight and then reduced to ash in a crucible fur- 
nace for 2 hours. This treatment led to 20-fold enrichment of the samples as 
regards the microelements. The analyses were carried out by the method of three 
standards on an ISP-28 spectrograph. The spectra were excited by an ac are (8 
amp) between spectroscopically pure carbon electrodes. The samples (25 mg) were 
packed into the hollow lower electrode. 

The working curves were plotted in terms of AS vs log C. Each spectrum was 
photographed three times. The relative error is estimated to be +15%. 

For the purpose of plotting the working curves we prepared synthetic stand- 
ards simulating the mineral composition of the protein ashes as regards the six 
principal elements: Fe - 0.025%, Na - 0.015%, P - 0.49%, Mg - 0.002% and K - 
0.60%. This composition was established by comparing the line blackenings of 
a number of artificial mixtures and the protein ashes. The Ca concentration was 
not determined. Our data differ somewhat from those in the literature as regards 
the element concentrations in proteins. 4 

For preparing the principal standards we used the following salts: Fe(OH) 3, 
MgSO 4° 7H90, NagHPO4°12H20 and KHpPO4. The purity of the reagents was checked 
spectroscopically. The salts were mixed with graphite powder in appropriate pro- 
portions. To the matrix mixtures prepared in this manner there were added com- 
pounds of the investigated microelements in the form of NiSO,, CuCl o*2H20 and 
Co(CH3C00) 9° 4H50. 

First we made the standards with the highest concentrations of the analytic 
elements; the other standards were then prepared by the method of successive di- 
lution. In this manner we obtained standards with Co, Ni and Cu concentrations 
of 0.030, 0.01, 0.003 and 0.001%. We took special pains to insure homogeneity 
of the standards; this was achieved by careful and thorough grinding of the mix- 
tures in an agate mortar followed by mixing in sealed tubes for several hours. 

The reproducibility of analysis based on repeated determination of the same 
element is characterized by +5% (arithmetic mean deviation). 

By way of reference element we chose vanadium because its volatility is 
closest to that of the determined elements. It was introduced in the form of V905 
in the amount of 0.1% both into the samples and the standards. We used the fol- 
lowing analytic lines: Cu 3273.96 A, Ni 3414.77 A, and Co 3412.63 A. The refer- 
ence line in all cases was V 3185. 40A. 

In all we analyzed the tissue proteins from 28 animals. Sixteen of these 
were injected with solutions of the salts of these elements; 12 were control ani- 
mals. The analytic results (see table) showed that the developed procedure as- 
sures reliable determination of the microelements Co, Ni and Cu in the proteins 
of different tissues. 

Our experimental data lead us to infer the following: 

1. In the case of subcutaneous hypodermic administration of the chlorides 
of some microelements the concentration of these elements in the proteins ex- 
tracted from some organs increases over the concentration in control animals. 


2. The administered Co, Ni and Cu salts are selectivel i 
acc 
proteins of certain organs. a a Sil 


=) bose 


Concentrations of Cu, Ni and Co in ashed proteins from different tissues 
(in mg %) (average data for two animals) 
rn eases SAN 


| 


Organs en er me —— es cal ————EE — = : ee 
Control | Inj.| Control Injected Contr. | Injected 
i} 
Blood 4 3 |12/412/Tracc|]Trace| 3 3 5 None |Tracc}Trace| Trace 
Muscle _ Pell Gals B » » 4 2 2 » » » 1 
Lung 2 4110] 24 2 7 4 16 2 » » » |Trace 
Liver 3 3 }66/80] 2 |Trace}| 7 2 2 » 2 3 2 
Heart Ee RJ eV] a9) » 2 2) 2 » Trace|Trace/Trace 
Spleen 5 5 | 6] 9/Trace| » 4 4 4 » » 4 » 
Kidney 5 to | coli Mey 2, » 6 29 4 » aes liee (2: | 
Skin 2 EP Se) 8 ui 2 7 = 21 » Trace|Trace| Trace 
Brain 4 6 | 9|10 2 |Tracec| 4 2 2 » » y of » 
Note: Trace = <1 mg ® 


3. This build up in the microelement concentration occurs in parallel with 
the increase of SH-group proteins, which substantiates the hypothesis of Drobiz9® 
that the SH-group binds excess microelements. 


Sverdlovsk Medical Institute 
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DEVELOPMENT OF METHODS OF SPECTROSCOPIC ANALYSIS OF BLAST FURNACE SLAG 


AND FLUXED SINTER 
- O.I,Nikitina 


The work was carried out by the following under the supervision 
of the author: L,1I.Gudyrina, L. P.Berdnikova, N.K, Ivanova (Ukrainian 
Institute of Metals); A.I.Masurova, V.M. Dashchenko, N.N.Tsvetkova, 

Ff. I. Panasenko ("Petrovskii' Plant); I.K.Maiboroda ("Zaporozhstal' 
Plant); M.N.Shtutman, E,V, Zvereva, Milyavskaya, Agafonova baa 
gorskii Metallurgical Combine); A.V.Lukanin, BSE 6 K.T.Vil'skaya 
("Kirov Plant); Z.1I,Brailovskaya ("Voroshilov" Plant); L. I.Topalov 
(Zaporozhskii Ferroalloy Plant); A.P.Atamanov, L.1,Kocherygova, A. 8S. 
Vitis, E.I.Bykova ("Azovstal'" Plant). 


Previously, the Ukrainian Scientific Research Institute of Metals in collabo- 
ration with a number of metallurgical plants, carried out a research project on 
analysis of open-hearth slag!; as a result there was compiled an instruction 
bulletin giving recommended analytic procedures. 

The present work was a continuation of the above research. Its purpose was 
to develop spectroanalytic procedures for blast furnace slag and fluxed sinter 
yielding an accuracy adequate for the purposes of technological control. There 
were investigated in detail methods of analysis of solutions, briquettes and 
powders. The two primary aims in the study were 1) determination of conditions 
for weakening the reciprocal influence of the components and reabsorption in ana- 
lysis of diluted solutions and powders, and 2) choice of conditions favoring 
manifestation of the mutual influence of the components for the purpose of taking 
this influence into account in analysis by the method of nominal curves? or by 
the method of relative concentrations? in analysis of powder samples with little 
or no dilution. 

The subjects of investigation were 35 samples of blast furnace slag and 25 
samples of sinter analyzed by the chemical laboratories of the supplying plants 
and combines and again analyzed in the chemical laboratory of our Institute. De- 
spite the fact that all chemical analyses were made with great care, comparison 
of the results obtained in different laboratories indicates that the accuracy of 
chemical analysis is rather low, particularly as regards the determination of 
A1l203, MgO and MnO both in slag and in sinter. 

The spectroanalytic investigations were carried out using the same samples. 
Investigation of the homologeneity of the 22 analytic line pairs (internal stand- 
ards: Cr, Mo and V) with reference to the variation of AS with change in the in- 
ductance of the spark circuit and the length of the analytic gap led to identi- 
fication of adequately homologous pairs for analysis for Ca, Mg and Mn and less 
homologous but still acceptable pairs for the determination of Si and Al (see 
Table 1). 

On the basis of investigation of the spark source parameters there were 
established the following optimal operating conditions for the IG-2 spark genera- 
tor: C = 0.01 pf, L = 0.05 or 0.15 mh, d = 2.0 mm, current strength - high 
enough to provide one discharge train per half-cycle. Counter electrode - 6 mm 
diameter carbon with truncated cone tip. By way of the lower electrode in analy- 
sis of solutions there was used a carbon rod 6 mm in diameter and 10 mm long 
heated for 3 min at 900° beforehand. The electrode was mounted in the ful puvatee 
holder with its tip 1 mm above the surface of the solution. 

Solubility studies showed that some slag samples and all sinter samples do 
not dissolve fully in hydrochloric acid. It was established that preliminary 
roasting for 2 min of a small batch of slag or sinter powder mixed with flux 


ey ee ee ee Ca, ae 
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Table 1 


Analytic lines, A 


{ 


eee Determined Ref. ae iia) euley serials in sinter 
element Cr Cr Me | Fe 
Ca 3158,86 3147, 23 = 3152 ,81 Bice) 3152,81 3227, 74 
Ca 3179, n33 3152,81 
Si 2516, 12 20 ee 2571 , 74 2522 , 84 
Si 2881 57 2879, 05 

2872 ,88 
Al 3092,71 3053 , 88 3077, 66 3077 , 83 3116, 09 3059, 08 
3077 ,83 

5 Al  3082;15 3077, 66 

park Mg 2790, 79 2789 , 40 2779, 23 2789, 30 2783 , 69 
Mg 2790, 79 2863 ,8 
Mg 28052,4 2779. Zo 
Mg 2802 69 2784, 99 
Mn 2933, 06 2934, 29 
Mn 2939, 30 2941 ,88 
Mn 2949,20 2807, 75 
Mn 2605,69 2608 ,16 2602,79 2607 ,08 
Mn 2576. 10 2602 ,79 

Arc Ca 3158,86 co [co aisses | storo | 3197,07 3197,07 | | 
Sr 2001.57 2928, 14 3197 ,07 


Table 2 
Variation of the reproducibility (5/C) of spectroscopic analysis and agree- 
ment (AC/C) between spectroscopic and chemical analyses of blast furnace slag 
and fluxed sinter with the method of introducing the solution 


A1,0,| MgO | MnO 


Procedure 
sinter | slag |sinter slag 
i 

Fulgurator | 8 | 44 89] +2,29 | 44,79| +:4,60 | +3,28 | -44,10/ +2,13 
with carbon C 

electrode =. 441,22] +4,15 |4+1,49| +2,06 | +3,66 |+8,49| +5,17 
Rotating — +2,33| +3,18 |-+2,00} +3,14 | +3,07 |4+3,9 | + 3,9 
esi se Cul 

eee =e 441,14] +5,30 | +2,44] +3,93 | +3,86 | +8,77| +10,07 


Note” §8/c was determined from one spectrogram on the basis of 81 measure- 

ments for slag and 51 measurements for sinter; AC/C was determined from 

3 spectrograms on the basis of analysis of 27 slag samples and 17 sinter 
samples. 


‘(consisting of two parts eee and three parts borax) in the proportions of 1 to 


5 at a temperature of 1000° or roasting of the sinter mixed with sodium peroxide 
at 800-900° assures complete subsequent solution of the products in hydrochloric 


acid. 
Comparison of the methods of introducing the slag and sinter solutions into 


the spark discharge (IG-2 spark source, C = 0. Ol pf and L = 0.55 mh) by means of 


a fulgurator with a carbon electrode or by means of a rotating disk copper elec 
trode showed that the more satisfactory results are obtained with the fulgurator 
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(see Table 2). Comparison of results of analysis of slag solutions in a spark 
(iG-2 spark unit, C = 0.01 uf, L = 0.05 and 0.55 mh) and in an are (DG-1 arc 

unit; I = 5 amp) with the solution fed into the discharge by the fulgurator 
showed that the reproducibility in the spark is appreciably higher than in the 

arc (see Table 3). The agreement between the results of spectroscopic analysis 
and chemical analysis of slag as regards the CaO and Si05 concentrations is 
virtually the same for arc and spark excitation; in the case of determination 

of Al903, MgO and MnO the reproducibility is better for spark than for are exci- 

tation. 

The reproducibility of spark excitation analysis of sinter from solutions 

by means of the fulgurator is approximately the same as in analysis of slag. 

The agreement between spectroscopic and chemical analyses in the case of sinter 
is poorer than for slag. It was also established that the greater the divergence 
between the results of chemical analyses, the greater the disagreement between 
. the results of spectroscopic and chemical analyses. 

Analysis of slags by the method of nominal curves” taking into account the 
mutual influence of the various components has not led to satisfactory results so 
far and requires further development. 

Spectroscopic analysis of slag in the form of powder (packed into the hollow 
of the lower electrode) with spark excitation and using an internal standard re- 
sulted in separate curves for the slags from different iron mills. In the case 
of analysis of sinter this method resulted in a great scatter of the points. 

Spark spectroscopic analysis of slag in the form of briquettes compacted 
with a copper or graphite base both by the method of relative concentrations and 
by the method of nominal curves (with reference to nomograms) yielded results 
for CaO and Sid, characterized by approximately the same reproducibility and 
agreement with the results of chemical analyses as analysis via solutions. 

The developed methods of spectroscopic analysis of solutions are suitable 
for the determination of the principal components of blast furnace slag and flux- 
ed sinter from different iron works with reference to a single common working 
curve for each component. The reproducibility of individual determinations of 
CaO and Si0, is +2-3%; that for Alj703, MgO and MnO is +3-5%. 

On the basis of the described research work we were able to compile a set 
of instructions for analysis of blast furnace slag and fluxed sinter for the 
five principal components. 4,5 
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ON MINIMIZING THE INFLUENCE OF THE MINERALOGICAL COMPOSITION ON THE RESULTS OF 


SPECTROSCOPIC ANALYSIS OF FLUXED SINTER 
- I.K.Maiboroda 


The present work was carried out on samples of ferrocalcium fluxed sinter 
from different iron works. Investigation of their structure showed a clear cor- 
relation between the chemical and mineralogical compositions, on the one hand, 
and the mechanical strength on the other.! The sinter samples were taken in the 
form of powder ground to 150-200 mesh. The samples were loosely packed (by shak- 
ing only) into a 2 mm diameter, 3 mm deep hollow in the lower carbon electrode. 
The counterelectrode was also carbon, terminating in a truncated cone with a 2 mm 
diameter flat. The spark excitation was produced by an IG-2 spark source; C = 
= 0,01 pf, L = 0,01 mh and te = 10 sec. In determining CaO and Si09 we obtained 
good reproducibility (+0.02-0.03) of AS = San ~ Spe- 

The iron content in the sinter was approximately 50% with a variation of 
+5% from sample to sample. However, the variation of AS with log C is not linear. 
It was noted that if the samples from the same batch are subjected to grinding 
under the same conditions but for different periods, the reproducibility of AS 
does not change but the value of AS continues to decrease to a certain limit. It 
was also established that the value of AS for a given fineness of the powder de- 
pends on the mechanical strength of the sinter, which is a complex function of 
the chemical composition, the sintering conditions and the conditions of cooling 
of the sinter.2-4 

Petrographic analysis (carried out by T,1I,Litvinova) showed that values of 
AS appreciably exceeding the limit value are obtained for sinter with a fairly 
nonuniform grain size: the large grains con- 
tain ferruginous material (magnetite); they 
are the strongest and their composition in- 
cludes a certain amount of siliceous materials 
(olivine and calcium silicates). 

Values of AS approaching the limit one 
correspond to even more nonuniform grinding. 
The strongest part of the sinter, containing 
magnetite, is present here in the form of 
large (rounded) grains, while the part con- 
taining olivine, glass and calcium silicates 
is more finely fragmented. There is a very 
appreciable discontinuity as regards grain 
size between the ferruginous and siliceous 
components of the sinter. In the case of pro- 
longed grinding the malleable component is 
subjected to hardening and agglomeration as 
a result of rolling, while the siliceous miner- 
als are separated and reduced to a very finely 
powdered fraction. 

‘ ee degrees of pulverization correspond- 
; ae. ng to the limit value of AS, the variation 
Line pairs: Ca 3181.275 - Fe of this parameter is satisfactorily described 
8151.35) A and Si 2881.578 - by an equation of the form AS = y 1 
Fe 2876.802 A. Samples from the log C (see fi hh pee ee he | 
* i & gure). It follows that sufficient- 
1) “Zaporozhstal'’, 2) "Kirov" ly fine grinding of the s i 
and 3) "Azovstal'"” Plant am Gahniers ee 
ants. taining reliable values of AS, characterizing 
the actual concentrations of CaO and Si09. 


Working curves for determination 
of CaO and $105 in fluxed sinter. 
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Adherence to the outlined procedure and conditions insures accuracy of ana- 
lysis to within 4%. When a vibrational mechanical grinder driven by a 2500 rpm 


electric motor is used for pulverizing the specimens, the total time required 
for an analysis is 30 min. 


"Zaporozhstal'" Plant 
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PNEUMATIC TECHNIQUE FOR INTRODUCING POWDER SPECIMENS INTO AN ARC 
- R.S.Rubinovich & A.S.Pershin 


Wider use of the method of introducing powders into the spectroscopic arc 
by means of an air stream!,2 is blocked by certain shortcomings of the technique 
which lead to 1) incomplete vaporization of the powder particles and 2) varia- 
tion in the rate of entry of the powder depending on its physical-chemical pro- 
perties and other factors. 

To insure complete vaporization of the particles in the arc it is essential 
that they enter the interelectrode gap well separated from each other, in a uni- 
form stream and at a rate low enough to allow of complete evaporation at the 
given arc power. We attempted to satisfy these requirements by means of a pneu- 
matic powder feed device”. 

The pneumatic device designed and constructed by us is shown in the photo- 
graph of Fig.l. Air at a pressure of 10 to 100 mm Hg is supplied to the atomizer 
bulb 2 through the tube 1 terminating in a capillary orifice. The powder is dis- 
charged into the arc through the vertical tube 3. A dimensional diagram of the 
atomizer bulb is shown in Fig.2. The bulb with a 0.05 to 0.2 g load of powder is 
mounted on the vibrator shelf 4 (Fig.1) and clamped in position by the spring 
fork 5. Spiral spring 6 provides for the return motion of the bulb. The bottom 
of the bulb rests on an opening in the vibrator stage and bears against the free 
end of a flat steel spring which is attached to the undersurface of the stage. 
When the cam on the motor shaft rotates, the oscillation of the spring is trans- 
mitted to the bulb. The distance between the tip of the discharge tube and the 
center line of the horizontal arc is 10 mm. In operation,the arc flame is de- 
- flected upwards a certain steady distance (if the air pressure is not excessive). 
: The device provides a steady supply of well separated powder particles in 
the form of a uniform stream 2 mm in diameter exactly into the center of the arc. 
Measurements give the following values for the amount of powder discharge per 25 
sec as a function of the air pressure with a supply tube capillary diameter of 
0.1 mn: 
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10 20 30 40 50 80 100 


Pressure, mm Hg 59 950 ‘16,082 sOmmoteo Slr 


Weight of powder per 25 sec, mg 2.8 


92 


105 


Fig.1. General view of the pneumatic Ss, 


feed device. 


25 


log I 


Fig.2. Diagram of atomizer bulb. 


At excessively high air pressures, 
the arc discharge becomes unstable; part 
of the powder is blown through the arc 
flame without being vaporized. For any 
given substance, however, one can usually 
find operating parameters (arc powder, air 
pressure, capillary diameter and discharge 


0! 02 03 04 05 06 O7logp orifice) such that the vaporization will 
1 2 $4 5p, mm Hg be complete. 
Fig.3. Variation of line intensity With a view to determining the opti- 
with pressure; La 3245.1 A, 2) Nb mum pressure from the standpoint of sensi- © 
2950.9 A, 3) Pb 2833.0 A, 4) Hg tivity in analyzing for different elements, 
2536.5 A. we investigated the variation in the spec- 


trum line intensity with the air pressure. 
To this end we prepared standards with a silica powder base. The spectra were 
photographed on an ISP-28 spectrograph; arc current, 16 amp, interelectrode gap 
- 4mm. Even at a relatively low pressure of 5-10 mm Hg,when only about 1-2 mg 
powder was discharged into the arc during the exposure time of 20-30 sec, spec- 
tra of normal intensity were obtained. 
Fig.3 illustrates the pressure dependence for the following lines: Nb 2950.9 


A (Nb concentration 0.002%), La 3245.1 A (0.01%), Hg 2536.5 A (0.005%) and Pb 
2833.0 A (0.01%). 


| 
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It is evident from the figure that with increase in air pressure the intensi- 
ty of all the lines at first increases rapidly and then either ceases (for the 
lines of low volatility elements) or tends to increase more slowly (for the lines 
of high volatility elements). At a powder discharge rate of 30 mg/min (p = 30 
mm Hg) there is obtained for all the elements in the beginning and middle of 
Rusanov's volatility series a sensitivity appreciably higher than with the con- 
ventional method of vaporization from a hollow electrode, but somewhat lower than 
was attained by Rusanov2, For low volatility elements the sensitivity appears 
to be 2-3 times higher than reported by Rusanov2, Thus, for example, the La 
3245.1 A line is clearly discernible down to an La concentration of 2-°107%%, the 
Ta 2695.1 A line down to a concentration of 4+10734,, the Nb 3163.4 down to 4-1074%, 
Y 3327.9 down to 5-107 4%, Ce 3201.7 down to 4°10-3% and Zr 3392.0 down to 3-1094%, 

Increase in the powder feed rate above 30 mg/min (p> 30 mm Hg) leads to in- 
complete vaporization of the particles in the arc. [In connection with this, the 
-intensity of the La and Nb lines levels off (see Fig.3), while the intensity of 
the background increases, which naturally results in reduction of the analytic 
sensitivity for these and other low volatility elements. On the other hand, the 
intensity of the lines of highly volatile elements continues to increase even at 
pressure above 30 mm Hg with the result that the analytic sensitivity for these 
elements continues to increase despite incomplete vaporization of the particles 
in the arc. 

It must be borne in mind, of course, that the described procedure has cer- 
tain shortcomings and limitations: the rate of discharge of the powder from the 
‘bulb does depend on the grinding procedure employed and on the hydroscopicity 
and other physical properties of the sample. A serious shortcoming of the pneu- 
matic technique is fractioning of the powder particles according to size. Prefer- 
ential discharge of the finer particles may give rise to appreciable analytic 
errors: up to 50% in particularly unfavorable cases. On the other hand, for uni- 
form particle powders one can obtain an accuracy of 3-5%. 

We desire to thank M.M.Kler, in whose laboratory in the Chemistry Depart- 
ment of Leningrad State University the present work was initiated, for his con- 
stant interest. 


Scientific Research Institute for Geology of the Arctic 
References 


1. A.K.Rusanov & G.I.Tarasova, Zhur.analit.khimii, 10, 267 (1955). (Trans. 
i istry. 
ie ses pisahio" Cl abe Pia Zavodsk.labor. (Industrial lab.) 2, 175 (1957). 
3. N.N.Semenov, Ibid., 22, 457 (1956). 
4. V.B.Nedler, Ibid., 5, 1469 (1936). 
5. A.K.Rusanov, Spektral'nyi analiz rud i mineralov (Spectrum analysis of 
ores and minerals) , Gosgeolizdat, 1948. 


- 1162 - 


IMPROVED AVR-2 POWDER-FEEDING DEVICE 
- I, I. Smolyak 


More than two years work with the AVR-2 devices produced by the "Burovaya 
Tekhnika"’ (‘Drilling Technology’) Plant showed that this device, which is in- 
tended for analysis of powder samples by the method of blow-through, has a nun- 
ber of shortcomings. The most important of these is loss and scattering of a 
large amount of powder, which tends to contaminate the associated equipment, in- 
cluding the electrodes, and is dissipated into the air, giving rise to harmful 
conditions for the operating personnel. 

We introduced a number of modifications to the AVR-2 with a view to elimin- 
ating this shortcoming. 

1. The dust appearing during analysis, in the process of removing remains 
of samples and in cleaning the funnel by blowing, is caught and carried through 
four "wells into the upper compartment of the 
combined box (Fig.1). The sample is put into 
the apparatus from a scoop through the hatch 
5 (Fig.1). The conical valve 2 consists of two 
cones fitted base to base; when the valve is 

f open there is formed an annular aperture. When 

a the funnel is blown through for cleaning, the 

3 lower cone throws the dust onto the walls of 

4 the dust catcher. The dust that settles in the 
ley tube falls along the upper cone without enter- 

6 

7 

8 

iy, 


ing the funnel. The draft is regulated by 
vertical displacement of the conical valve, 
which varies the effective cross section of 
the annular aperture. A new direct blowing 
tube has been introduced through a hole in the 
dust catcher supporting rail (see dashed lines 
in Figs.) . 
uf It is important to provide suitable therm- 
12 al insulation for the dust catcher. 
ie As modified the device requires cleaning 
aw only once a month. 
tt = 2. The sample is introduced into the dis- 
charge by a specially designed slit-like brass 
ws} funnel (Fig.2), the plane parallel jaws of 
ae which direct the powder in a wide flat stream 
that intersects the central portion of the arc 
Fig.l. Diagram of blowing sys- discharge without contacting the electrodes. 
tem: 1) box with baffles, 2) This type of funnel makes for efficient utiliz- 
conical valve, 3) new variant ation of the sample and allows of reducing the 
of blow tube, 4) dust catcher, exposure time, With an are current of 20 amp 
5) hatch for loading sample, and an exposure time of 15 sec, the sensitivit 
6) slit-like funnel, 7) wells, for determining W, Sb and Hg 0.001%, the i 
8) blow tube, 9) tube coupling, sensitivity for determining Mo ‘a0 0017 
10) blower, 11) settling cham- Slit widths from 1.5 to 3 mm aan he eee 
ber, 12) combined box, 13) (for the most part we used a 2.5 mm wide slit) 
chamber for dust collection, The surfaces of the slits that come into con- 
14) chamber with baffles. tact with the powder should be polished. Gen- 
erally, the slit is positioned 10-12 mm above 


the electrode; in analysis of humus substances, how 
ever x 
ed to some 20-25 mm above the electrode. + Che slat PRU eee 


A 
Pa 
=f 


di 
= 
(s 

NE 


te Ae es ef i 


Fig.2. Introduction of sample 
into arc: 1) powder, 2) 
slit-like funnel, 3) ob- 
served section of arc, 4) 
receiving tube. 
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The slit assembly should be massive enough 
to insure effective heat removal. The draft in 
the dust catcher is adjusted so that it will not 
interfere with blowing the powder through the slit. 

3. To provide for uniform feed of samples dif- 
fering as regards structure, density and flowing 
characteristics, we use an assortment of screens 
with apertures varying from 1 to 1.8 mm at the bot- 
tom of the upper funnel (1 in Fig.2); the most 
suitable screen for any given sample is found by 
trial and error, We do not recommend using screens 
with openings smaller than 1 mn; to restrict the 
flow it is better to reduce the number of openings. 

Enough sample powder should be loaded into 
the apparatus so that the entire surface of the 
screen will be covered during the full exposure 
time. 

The productivity of the AVR-2 device modified 
as described above is such that one can burn up to 
900 samples per 6 hour working shift. 


Olekminsk Party, 
Zabaikal' Geophysical Expedition 
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ANALYSIS OF COMPLEX ALLOYS 
sage - I,L.Mirkin & E.P.Rikman 


In investigating alloys there are many occasions when ae is sete ab 2 a 
determine the composition in very small volumes. Such TEE arise, for ex 
ample, when one is studying the distribution of the chemical elements among 
ra components of the alloys, between the grains of the matrix ce solu- 
tion, in diffusion layers and in eee or when one wishes to determine e 

i ition of inclusions, etc. 
ee ere foo problems can be solved by means of local spectroscopic analy- 
sis. One such technique is described in Ref.1l. High-frequency current supplied 
by a PS-39 ac arc unit is rectified by a kenotron. The sample is connected as 
the cathode, the less disintegrated electrode. Kenotrons not only maintain a 
constant polarity of the electrodes but also limit the current strength in the 
spark circuit and stabilize its operation. ; 

Special tests showed that the degree of blackening of the Lines! is’ deter 
mined primarily by the radiation of the vapor from the central working zone 
of the spark pit. The diameter of this zone in our case was ~0.08 mm. The ana- 
lyzed volume in this case is ~2°107-9 mm, and the amount of vaporized material 
< 1-2-10-8 g,These values can be reduced by coating the electrode with polythene. 

To facilitate locating the microsections of interest for analysis and subse- 
quent studying of the area after sparking, we employed a modified PMT-3 micro- 
hardness tester; this was installed in place of the regular electrode holder. 

In conjunction with it we used a metallographic microscope. 

In the case of highly nonuniform distribu- 
tion of the elements among the individual phases 
of complex alloys, it is impossible to obtain 
conventional uniform standards for plotting the 
working curves. In such cases we plotted the 
working curve on the basis of the same samples 
as used for local analysis. Through repeated 
chemical analysis we established the average 
content C of the determined element, while As 
the blackening difference for the analytic pair 
was determined as the average for a large number 


17 15 13 if a9 Of local measurements. The calibration curve for 
109 Cg the determination of Mg in high-strength cast 
Fig.1. Working curve for iron is shown in Fig.l. The value of AS for each 
determination of the local sample was obtained as the average for ~120 
Mg content in high-strength measurements. 
cast iron by the micro- Of considerable importance where quantita- 
spectroscopic analysis. tive local analysis is concerned is the influence 


of the alloy structure on the analytic results. 
One must distinguish between the effect of 1) heterogeneous distribution of the 
determined element among the structure components of the alloy and 2) different 
conditions of vaporization of the determined element from different phases of the 
alloy. Heterogeneous distribution of chemical elements can be investigated by 
means of local analysis. Differences in the conditions of vaporization of the 
individual structural components, as has been shown for a number of alloys, ap- — 
parently do not play any significant role in the case of excitation by means of 
a high-frequency discharge. 

Local spectroscopic analysis has been successfully employed for investi- 

gating the distribution of magnesium in high-strength cast iron?, the distribu- 
tion of magnesium in white magnesium pig’, the distribution of alloying elements 
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Table 1 
Experimental values of AS for three alloys 
Mo Nb Ti M Si 
tay i n Ni Cr Si 
I | II I | II I | ip i i II I | II I | II i II 
FU-2( @MY-2) |0,04]0,13/0,1710.38 0,03] 0,14 |0, 06/0, 08/—0, 31/—0, 29/0. 45/0. 49 0,441/—0 
? ’ ? ’ 7Ve ? ? ? ees ~My Se ? ? Sana i, Sols, 
FO-7(@0.-7 ) 0,00 | 0,08 0,41 |0,71/0,20/0,34 0, 00/0 ,00)—0, 26}—0, 27/0, 36/0, 37/0, 26/0, 26 
Khe (XE) |0,04/0,43 0,43 |0,73/0,66]0,83 0, 01/0 ,03}—0, 33|—0, 30]0, 38/0, 45|—0, 35|—0, 34 
Table 2 in austenitic heat-re- 


Nb and Ti concentrations in a sample of FU-2 alloy (%) sistant alloys and steels 


with lithoidal fracture, 
Data of chemical and the distribution of 
analysis of pre- elements in diffusion 

cipitate layers. Below we de- 
scribe some specific ap- 
plications of local ana- 
lysis. 

Qualitative analysis 
of heat-resistant alloys was carried out as follows: 
for each sample there were photographed two series 
of spectra; 1) with the spark pits located over the 
grain cores and 2) with the pits on the boundary 
layer with a hardening-phase network. Table 1 shows 
the values of AS for three alloys obtained as the 
average for 15 measurements: I - for grains, and 
II - for pits including a boundary hardening-phase 
network. 

On the basis of approximate determination of 
the volume of the hardening-phases and the working 
curve there was carried out an approximate phase 
analysis, the results of which for niobium and ti- 
tanium for one sample are shown in Table 2. For 
purposes of comparison the results of chemical ana- 
Fig.2. Distribution of molyb- lysis of the precipitate are listed in the last 
denum diffusing into pure column. 


In solid 
solution 
grains 


Average 
in alloy 


In excess 
phases 


iron (right-hand section) and For investigating diffusion layers we prepared 
into iron-chromium alloy special samples consisting of sandwiches of a source 
(left-hand section). metal and solvent metal plates. Fig.2 shows the 


diffusion curve for molybdenum obtained by means of 
a sample consisting of plates of pure iron and iron alloy with chromium between 
which was welded a molybdenum foil 0.02 mm thick. The sample was annealed at 
1200° for 20 hours. The surface of the analyzed section was perpendicular to the 
metal layers. The first spark pit was located on the solvent metal surface; the 
centers of the successive pits were shifted in the direction perpendicular to the 
boundary in 0.01 mm steps and along the boundary of the metals in steps equal to 
the radius of the "spark spot’. The right-hand section of the curve gives the 
distribution of molybdenum diffused into pure iron; the left-hand section, the 


diffusion into the iron-chromium alloy. We made an approximate evaluation of 


the diffusion coefficients on the basis of the experimental curve and obtained 


om -10711 2 Mo = 2.9-10711 a sec. 
Bee = 9.1°10 cm /sec, and DresCr 1 em“/ 


- 1166 - 


: 4. 
The first result is close to that obtained by means of radioactive aoa ; 
the second shows to what extent the diffusion of molybdenum is retarded when 
chromium is present in the iron. 


Tula Mechanical Institute 


References 
pane R a shee 


1. I.L.Mirkin & E.P.Rikman, Zavodsk.laborat. (Industrial Labee No.1l, (1957). 

2. I.L.Mirkin & E.P.Rikman, Liteinoe proizvodstvo (Foundry production) , No. 
125. (1957)« 

3. M.A.Krishtal & E.P.Rikman, Ibid., No.7 (1957). 

4. I.L.Mirkin & M.A.Krishtal, Diffuziya v metallicheskikh splavakh (Dif- 


fusion in Metal Alloys), M., 1959. 


SPECTROGRAPHIC INVESTIGATION OF SURFACE LAYERS FORMING IN THERMOCHEMICAL 
TREATMENT OF ALLOYS 
- A.G. Komarovskii 


The purpose of the present work was development of a method of quantitative 
microspectrographic analysis of the composition of thin surface layers forming 
in the process of thermodiffusive saturation of austenitic heat-resistant steels 
and alloys with chromium, aluminum and other elements. 

The spectra were recorded on a medium dispersion ISP-22 quartz spectrograph. 
For excitation of the spectrum we used the high-frequency electric discharge 
from a TsNIITMASh (Central Scientific-Research Institute of Technology and Ma~ 
chine Building) universal generatorl by means of which one can restrict the pene- 
tration of the surface of the specimen to 5-6 » during the total time of pre- 
sparking and exposure, whereas the penetration in working with the standard IG-3 
spark generator is of the order of 06.03-0.05 mm. For plotting the working curves 
we used a special set of standards, the composition of which is shown in Table l. 


Table l 
Composition of standards, % 

ie Rtas hatin Pet er er ge ae Ee 

Melt No. Cc Si Mn | Cr Ni | Al Nb Mo 
1954 | 0,44 0,58 0,67 0,37 0,54 1,16 ae aa 
1955 | 0,48 0/54 0) 44 0.35 0.66 2°16 = re 
4956 | 0.42 0,65 0,70 0,44 0.69 560 ¥ 2 
4957 0/41 0,65 0,67 0,52 0,68 | 42°70 ma ae 
1020 | 0,44 | 0/87 0,77 0,40 1,04 | 29°30 e ah 
3234 0,40 | 0,50 | 0:75 | 45,0 10/90 ie 0,39" } 2.0 
3249 | 0,12 0,44 0,69 | 23,45 8.78 - 1,04 1,82 
3246 | 0/44 0/36 0,86 | 33,64 9°97 on 1,26 | 41,30 
3248 | 0,09 | 0,47 | 0/86 | 55.58 7.94 = 1/10 | 4.30 


On the basis of preliminary tests, we chose the following conditions: cur- 
rent in the primary of the transformer - 0.7 amp at 220 v. The unit was operat- 
ed with two 0.6 mm auxiliary gaps in series; C = 0.0123 uf, L = 0.005 mh; the 
sidth of the working discharge gap was 1.3 mm. The counterelectrode aaah cop- 
per rod 6 mm in diameter terminating in a truncated cone with a 1 mm diameter 
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flat. The width of the spectrograph slit was 0.02 mm; the exposure time 1.5 min. 
The spectra were photographed on spectroscopic type II (or spectroscopic 
type 1-EC) plates. 
By way of illustration, the working curves for the determination of Cr and 
Al in the thin surface layers forming in the process of thermodiffusive satura- 
tion of steels and alloys are shown in Figs.1 and 2. 
Lor 
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"hy 85 Stig ¢ -02 0 O2 04 06 08 40 42 14 16 18 
| Fig.1 Fig.@ fe 
Fig.1. Working curve for determination of Cr in the diffusion layers on heat- 
resistant steels and alloys. Analytic pair: Cr 2830.16 - Fe 2828.63 A. 
Fig.2. Working curve for determination of aluminum in diffusion layers. 
Analytic pair: Al 3082.15 - Fe 3083.74 A. 


The depth of the diffusion layers was measured on oblique sections ground 
with the specimen held at an angle of 45° in a special vise. This angle was 
chosen in view of the fact that in case of measurement of the depth on an MIM-6 
metallographic microscope with a 7 X eyepiece and 21 X objective the measured 
e depth on the eyepiece scale is equal to exactly half the true thickness; thus the 
measured value had only to be multiplied by a factor of 2. 
The method was used for investigating the variation of the layer thickness 
as a function of the thermodiffusive saturation heating temperature. 
By way of illustra- 
Table 2 tion we give the results 
for the case of thermo- 
diffusive saturation of 


Layer depth, mm Cr concentration 


Sample | Heating on surface, ® === steels E1405 and EIG12 
No.  ; temp.°C 5 | FI405 | E1612 with chromium. As will 
| 1050 | 0.030 0.028 58.9 50.2 be evident from the table, 
‘s a 4100 0,040 0,033 64.6 51,3 increase of the tempera- 
e335 1050 0,032 0,030 46,3 40,8 ture from 1000° to 1050°C 
D 432 1100 0,043 0,035 58,9 51,3 thins A EO Cee 


increase in the thickness 
of the layer. At the 
same time the Cr content in the diffusion layer also increases. 


Central Scientific-Research Institute of Technology 


and Machine Building 
f Reference 


1. A.G.Komarovskii, Izv.AN SSSR, Ser.fiz., 19, 152 (1955). (Trans.Bulletin 
19, No.2, 141.) 
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Below we describe the equipment used for developing Local teed eee 
j lysi ie.1 shows the electric circult 0 
scopic analysis procedures. Fig. ne: cee ee 
i i lied a localized spar y mean 
high-frequency current source which supp a 0 
ae ean investigate either a surface layer 2-5 u in depth or at a point toa 
depth of 0.05-0.15 mm. The sample is connected as the cathode. 


ULULES Ed Za 
Fig.2. Optical system: 1) spectro- 
graph slit, 2) spherical mirror, 3) 
Fig.l. Localized analysis spark supply cir- quartz Cornu prism, 4) quartz camera 
cuit: 1) step-up transformer, 2) kenotron, lens, 5) photographic plate, 6) 
3) filament transformer, 4) C = 0.3 uf, 5) microlens, 7) electrode, 8) sample, 
C = 0.1 uf, 6) auxiliary discharge gap, 7) 9) "opaque illuminator", 10) eye- 
C = 0.05 uf. Setting I-I - for analysis of piece with microscale, 11) quartz 
surface; II-II - for analysis at a "point. collimator lens, 12) glass prism, 
13) illuminator with condenser. 


An MBI-1 metallurgical microscope modified for the purpose is employed for 
positioning the spark and examining the surface. The analysis may be carried 
out either in air or in inert gas (argon). The use of an inert gas serves to 
enhance the spectrum intensity and allows of reducing the exposure time to l min. 
The gas is fed into the discharge zone at a pressure of ~0.2-0.3 atm. 

The optical system of the spectrograph with the auxiliary equipment is shown 
in Fig.2. The light from the spark is collected by the microlens and directed 
to the "opaque illuminator"; thence it goes to the f = 130 mm lens mounted at a 
distance of 165 mm from the slit, and finally illuminates the slit. The retract- 
able glass prism and OI-19 illuminator are used for aligning the sample and upper 
electrode with the optical axis with reference to a microscale. The sample and 


electrode setting is observed at a magnification of 400 X. The prism is then re- 


tracted, the OI-19 illuminator switched off and the spectrum is photographed in 
the usual manner. 

Using this equipment, we developed a procedure for analysis of medium alloy 
and Kh18N9T type steels. By way of illustration of one of the practical applica- 
tions of this procedure, we give the results of investigation of a spot weld of 
two dissimilar steels. The thickness of the weld is 2.5 mm, the length 8 mm. 

The analytic results showed that the center of this weld section is enriched in 
the alloying elements contained in Kh18N9T steel. Fig.3 shows a photograph of 


ieee 
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LL % O% 

18, 20 

16,0 18 

4p “b si 
12) 09 

10,0 Cr 07 

Gor ni g a8 
6,0 


Wi F&S67eGWHT? 345678 E01 
a b 
Fig.3. a - Spot weld of 30KhGSN and 18KhNOT steels; 
~b - Cr, Si and Mn concentrations in the weld "spot" 


(the figures along the horizontal scale correspond 
to the numbers in the photograph of the weld). 


Table 
Error in determining 
different elements (%) 


Determined | Medium al-| Steel log C. 
element loy steel | Khi8N9T Mo 
Mn 
Manganese 5,0 3,0 Mn 
Chromium 4,0 45 Si 
Nickel 3,10 a0) ; 
Silicon 8,0 (0) Si 
Molybdenum 8,0 at Ni 
Titanium 7 , cr 
Cr 
Td 
aval 


units). 


_ Scientific Institute of Aviation Technology 


the weld and curves charac- 
terizing the distribution 

of Mn, Si, Cr and Ni along 

a diagonal across the weld 
(see photograph). To evalu- 
ate the accuracy of the 
procedure, we determined the 
relative error in determina- 
tion of a number of elements 
on the basis of measure- 
ments of standard samples 
(see table). 

A 0.3 mm diameter elec- 
trolytic copper wire serves 
as the upper electrode; the 
tip of the electrode is re- 
duced to the requisite dia- 
meter by chemical etching. 
The electrode is mounted at 


an angle of 30° to and 0.3 mm above the ground 
surface of the sample, which may have any de- 
sired shape and a weight of (Eyey ares AHO LO) faa 

We used the method of three standards, and 
plotted the working curves in terms of AS vs 


The analytic line pairs were 


2816.00 - Fe 2828.6 
2939 Fe 2936.9 
2933.06 - Fe 2936.90 
2516.12 - Fe 2518.10 
2516.12 - Fe 2517.66 
2416.13 - Fe 2415.06 
2677.17 - Fe 2689.2 
3147.2 Fe 3154.3 
3349.4 Fe 3399.33 
3261.1 Fe 3259.99. 


The spectra were photographed on Spectroscopic type II plates (speed 22 GOST 
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SOME RESULTS OF SPECTROSCOPIC INVESTIGATION OF THE INDIVIDUAL 
HYDROCARBON COMPOSITION OF TARTAR PETROLEUMS 


-.B.Le 


We investigated the individual hydrocarbon composition of seven 150°C end 
point gasolines derived from crudes from the Romashkinsk (Devonian) and Bavlinsk 
(Devonian & Lower Carboniferous fields in the Tartar ASSR.1-4 ll the gasoline 
samples were studied by the Raman spectroscopy procedure outlined in Refs.5 & 6. 

An attempt was made to establish some regularities as regards the distribu- 
tion of the hydrocarbon groups in the various gasolines. 


Hydrocarbon composition of the gasolines 


We studied the hydrocarbon composition of the gasolines from the different 
horizons of the geologic profile (gaseous hydrocarbons were not considered). The 
analytical results are given in Table 1 in weight percent. 


Table 1 


vad 43 

B88 lela c 

oe acd on Kae Ss Pashiiskaya strata, Zhivetskii 
Hydrocarbons Gin SIP Sths Franskii level of strava, 

eke? Sere w'q| the Upper Devonian Dy ap EE A 

Aaa &whass III 

ix | 2 6 | 7 
Normal paraffins 29,0 2159 Sle Patt ee 28,2 Zhe) || ya te 
Branched paraffins 35,4 30,9 27,4 29,9 OO, 2 sh 23,0. e2Ons, 
| 

Cyclopentanes 7,9 8,8 7,0 i) Ul Uy ll 7,8 6,4 
Cyclohexanes 8,6 10,0 9,9 10,0 EO | Gays |) 2 aL 
Aromatics Dae) Dell 5110) oa 5,4 D8) Oy 
Petroleum density | 0, 8900 0, 8614 0, 8490 0,8694 |0,8619 | 0, 8400 | 0, 8400 
Sulfur content 28 IeeaS | ee 1,67 4,43} 0,9 0,9 


’ 


*Here and in the other tables the column numbers correspond to the sample numbers. 


The following is apparent from the above table. 

The lowest isoparaffin content is found in Dyyy petroleum; the highest in 
the c? Stal petroleum. The amount of isoparaffins is also directly proportional 
to the sulfur content of the crude. Actually, the sulfur contents in the Dyqr, 
Dy, Do and c2 Stal horizon petroleums are related as 1:1.3:1.6:3.1, while the 
amounts of isoparaffins in the same gasolines vary as 1:1.1:1.3:1.4; i.e., these 
also increase in the same order, although somewhat more slowly. A similar direct 


relationship obtains between the isoparaffin content and the density of the petro- 


leun. 
The content of cyclohexane and aromatic hydrocarbons decreases in going 
from the lower to higher horizons. 


Distribution of hydrocarbons by structure 


A number of interesting characteristics may be noted as regards all the 
gasolines studied (regardless of the origin, formation depth, or horizon). 


The distribution of the isoparaffins is given in weight percent referred to the 
_ gasoline in Table 2. 


Hydrocarbons having a single tertiary carbon atom in the chain are predomin- 


ant among the branched-chain paraffins. Those hydrocarbons which have an odd 
‘number of carbon atoms in the main chain usually have a CH3 group attached at 
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Hydrocarbons 


— 
b 
w 


4 
2Mecthylpentane 4,77 4,78 3,69 5,44 res tee as 
3Methylpentane | 3,21 2,94 1,78 2,59 “ie ae ea 
3 Mothylhexane Daal 4,68 2,43 4, oe, ei Bae bet 
3.Methylhexane 4,28 3) OU (oi! ee Sua ois oe 
2Methylheptane DS 2,68 Ag ees ae Ane oe 
3Methylheptane 4,08 AOL 4,30 es ee es aot 
2Methyloctane On 72 0,60 0,66 0,72 heer og es 
3-Methyloctane 0,96 0,60 0,65 0,81 5 ; ; 


the second carbon atom; in even-numbered chains the group is linked to the third 


carbon atom. 
The content of monosubstituted naphthenes and benzenes decreases with in- 


crease of the alkyl radical chain length (Table 3). 


Table 3 

Se —___ eee 
Hydrocarbons | 4 2 3 | 4 | 5 | 6 | 7 
oe) ol SS eee 
Cyclopentane 0,28 0,42 0,43 0,28 | 0,40 | 0,32 | 0,34 
vethylcyclopentane 4,53 4,18 4,83 4.56 | 4,39 1,58 4,62 
Ethyl cyclopentane 0,54 0,64 0,68 0,78 | 0,59 | 0,77 | 0,30 
n-Propylcyclopentane | 0,15 0,13 0,30 0,34 0,39} 0:47 | 044 
Cyclohexane 0,75 0,64 4,27 1,04 | 1,09 4,88 1,49 
Methylcyclohexane 2,43 2,14 3,07 2,88 | 3,34 | 4,43 3,55 
Ethylcyclohexane 0,93 0,91 0,74 0,83 | 0,83 4,47 1,13 
n-Propyl cyclohexane 0,07 0,10 0,10 0,10 0,07 0,11 0,10 
Benzene 0,20 0,37 0,67 0,44 | 0,64 | 0,49 | 0,63 
Methyl benzene 0,68 4,09 4,70 4,62 1,73 4,79 4,74 
Ethyl benzene 0,31 0,68 0,62 0,65 | 0,82 4,26 | 0,79 


Similar regularities are observed in most gasolines from other deposits in 
the Soviet Union7-19. The explanation for this is a problem set for further in- 
vestigations; these evidently require collection of additional experimental data. 


Chemical Institute, Kazan Branch 
Academy of Sciences of the USSR 
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ANALYSIS OF HYDROCARBON MIXTURES BY RAMAN SPECTROSCOPY 
- V.T.Aleksanyan, Kh.E.Sterin & S.A. Ykholin 


Raman spectra are extensively used in our laboratory for analysis of natural 
hydrocarbon mixtures, particularly narrow gasoline fractions. Extension of the 
procedure to higher boiling fractions, however, involves certain difficulties. 
This pertains particularly to paraffin-cyclopentane fractions for which clear re- 
sults can be obtained only in the temperature range up to 150°. Aromatic hydro- 
carbon mixtures can be studied in greater detail at least to 200°.1 

Research in the Spectroscopy Commission Laboratory, carried out in collabora- 
tion with the Catalytic Synthesis Laboratory of the Institute of Organic Chemistry 
at the Academy of Sciences of the USSR, is being conducted in two directions, 
namely, a) study of the spectra of the individual hydrocarbons of different clas- 
ses, and b) analysis of hydrocarbon mixtures, including the products of various 
reactions. It should be noted that success in obtaining a correct picture of the 
reaction frequently depends on the care taken in preparing the samples for spec- 
troscopic study, and on the accuracy of the spectroscopic data (frequencies and 
the intensities) available. 


Catalytic cyclization of n-octane with the formation of homologs of cyclopentane 
a OE OES OFs CYCLOPCD LANES 


It was shown previously? that paraffin hydrocarbons can be cyclized in the 
presence of a platinum catalyst to form five-membered rings. Assuming that the 
reaction takes place without isomerization or cracking of the initial hydrocarbon, 
one can predict which homologs of cyclopentane should be obtained. For example, 
1,1,3-trimethylcyclopentane should be obtained as a result of cyclizing isooctane. 

A preliminary study of n-octane showed that it is cyclized with the forma- 
tion of l-methyl-2-ethylcyclopentane and n-propyl-cyclopentane. The spectra given 
in the Landholdt-Bérnstein tables, which were not altogether satisfactory, were 
used for identifying the former hydrocarbon. ; 

A second, verifying study was carried out with higher accuracy. Carefully 
distilled narrow fractions of the paraffinic-naphthenic portion of the catalyzate 
(at least 2.2 em? each) were obtained for the optical investigations; we also 
prepared pure cis- and trans-l-methyl-2-ethylcyclopentane. 

Trans-l-methyl-2-ethylcyclopentane was found in the lower boiling fractions 
(about 1.4% of the catalyzate by weight). mn-Propylcyclopentane was found in the 
last fractions and in the distillation residue (also about 1.4 weight percent of 
the catalyzate). 4-Methylheptane was also detected with good reliability; this 
was evidently formed by hydrogenolysis of n-proplycyclopentane. 

A narrow bright line at 762 cm-1 observed in the spectrum of the distilla- 
tion residue was tentatively attributed to pentalane (whose spectrum is unknown) , 
which could be formed by a secondary cyclization of n-propyl-cyclopentane or 
_ 1-methyl-2-ethylcyclopentane. Some confirmation of this assumption is provided 
: by the fact that the same line was observed in the spectrum of the catalyzate 
of n-propylcyclopentane. 
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Homogeneous destructive hydrogenation of tetralin at high RyGrOgSh PESEES 

According to a previously proposed? mechanism for the homogeneous destruct- 
ive hydrogenation of aromatic hydrocarbons at high hydrogen pressures, one of 
the reaction products in the case of tetralin should be n-butylbenzene. Accord- 
ing to published experimental data, however, tetralin also isomerizes to methyl- 
indan. More accurate information was obtained in the present study on the compo- 
sition of the reaction products, and a general scheme is proposed for the trans- 
formation of tetralin under the given hydrogenation conditions (temperature - 
440-462°; pressure - to 1200 atm). 

The following hydrocarbons were found among the reaction products with boil- 
ing points between 136.1 and 183.99: ethylbenzene 16%, isopropylbenzene 9%, n- 
propylbenzene 10%, sec-butylbenzene 12%, n-butylbenzene 43%, indan 4%, and Q- 
methylindan 2-4%; in addition, there were found minor quantities (< 1%) of: o- 
oxylene, 1-methyl-2-ethylbenzene, trans-decalin, 1-methyl-2-isopropylbenzene, 
and 1-methyl-2-n-propylbenzene. The main component of the higher boiling frac- 
tion (185-1909) was a-methylindan; m-butylbenzene, B-methylindan (5-10%) , and 
trans-decalin (1-3%) were also found. 

It was shown by special tests that the isomerization of tetralin into a- 
methylindan occurs in parallel with the destructive hydrogenation of tetralin, 
leading to the formation of m-butylbenzene. On the basis of our spectroscopic 
studies we propose the following general scheme for the process (a number of 
details are omitted from the scheme): 


Scheme characterizing the destructive hydrogenation and iso- 
merization of tetralin. 


In the present work we also made a special study of the spectra of Q- and 


B-methylindan (the spectrum of the latter compound had not been recorded hitherto)) 
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RAMAN SPECTRA OF SOME Co4 HYDROCARBONS* 
- A.N.Kislinskii & A.A. Petrov 


We excited and studied the Raman s 
phenyl and cyclohexyl rings. The s 
have been described previouslyl. 


pectra of nine C94 hydrocarbons containing 
yntheses and properties of these compounds 
Some of their attributes are listed in Table 1. 


Table 1 
Physical Properties of the Investigated Hydrocarbons 
eta ted HyGrocarbons 


a a 

xo. | Hydrocarbons | "ou “i | aw 

&¢ 
| 
I | 1—pheny1—3-hexyl1—6-—cyclohexyl— 241 (5)*| 14,4974 | 0.8923 
hexane j 
Il 1—phenyl—1—cyclohexyldodecane | 206 (4) 1,4990 | 0,8960 
III 1, 1-diphenyldodecane 208 (4) | 1,5241 | 0,9248 
1V 1, 5-diphenyl—3-heptylpentane 210 (4) 1,5219 | 0,9233 
V 7—phenyloctadecane 191 (1) 1,4800 | 0,8528 
VI 2, 11—di fthenyldodecane 200 (4) 41,5219 0, 9:44 
VII 1, 1-dicyclohexyldodecane 205 (4) 1,4803 | 0,8758 
Vill 7—cyclohexyloctadecane 204 (2) 1,4635 | 0,8347 
IX | 2,11-dicyclohexyldodecane 196 (4) | 1,4802 | 0,8759 
*The figures in ( ) indicate the pressure in mm Hg, 


All of the hydrocarbons were distilled in a 16 theoretical plate column and 
then purified chromatographically using silica gel. (Their degree of purity is 
being determined at the present.) In all cases fractions with a constant index 
of refraction were taken for the spectroscopic studies. 

The spectra were obtained on an ISP-5l1 three-prism spectrograph. The wave 
numbers of the lines were determined by measurements on an IZA-2 comparator, with 
reference to a standard dispersion curve. The line intensities were evaluated 
visually on a ten-point scale.** Since the boiling points of the given hydro- 

' carbons are very high, the samples were not purified by redistillation into the 
Raman tubes. To reduce background, the spectra were recorded in all cases with 
the samples heated to 160-170°. For this purpose the horizontal (working) por- 
tion of the tube containing the sample was inserted into the spectrograph il- 
iuminator in a co-axial glass tube, closed at one end by a glass window and fit- 
ted with an internal heating spiral. The data for each spectrum were based on 
two exposures. 

Analysis of the spectra leads to the following conclusions. 

1. The presence of phenyl or cyclohexyl rings in the hydrocarbon molecules 
is clearly evinced in the spectra (Table 2). In the case of phenyl groups, all 
the lines characteristic of monosubstituted benzene appear: 621, 1002, 1031, 1156, 
1182, 1205, and 3065 cm-1,2,3, as well as the lines associated with the antisyn- 
metrical valence vibrations of the benzene ring: ~1580 and ~1603 cm-l. When a 

' cyclohexyl ring is present, there appear its characteristic lines at 1029, 1158, 
1267, and 1348 cm-l, 4 The "aromatic" line at 1205 cm-l is absent from the spec- 
trum of 1,1-diphenyldodecane; possibly it merges with the other characteristic 
aromatic line at 1185 cm-l, the intensity and width of which are much greater in 
the spectrum of this compound than in the spectra of the other hydrocarbons studi- 
ed. The lines in the 750 to 900 cm! region, which are due to the totally sym- 
‘metrical vibration of the cyclohexyl ring and the radical attached to it4, are of 
very low intensity (0-1), except for one case, namely, 2,11-dicyclohexyldodecane, 
*M.S.Lentovskaya participated in the experimental part of the investigation. 
**In the future we plan to employ a photometric procedure. 
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in the spectrum of which there is a 771 cm71 line with an intensity of 4. 
2. It is possible to judge of the number of phenyl and cyclohexyl rings in 
a given molecule even on the basis of visual evaluation of the intensity of the 
brightest lines characteristic of these rings. Table 2 illustrates this point. 
The line intensities for hydrocarbon I were evaluated in the ten-point scale; 
then the intensities for the other hydrocarbons were determined by comparison 
with those of I; all evaluations were made on a DSP-1 double spectroprojector. 
The table shows a significant increase in the intensity of the 621, 1603, 3065 and 
1267 cm-1 lines in cases where one phenyl ring (or, one cyclohexyl ring) in the 
molecule is replaced by two. This effect is evinced more weakly for the 1002 cm-l 
line because it approaches the maximun blackening in the negative. The effect is 
masked in some cases where the 1031 cm7! is concerned owing to the fact that this 
line is characteristic of both phenyl and cyclohexyl rings. However, by comparing 
the spectra of molecules having one or two identical rings (hydrocarbons III, Iv, 
V and VI, and hydrocarbons VII, VIII and IX, respectively) , we can discern con- 
siderable differences in intensity even for this line. The 1156, 1182, 1205 and 
1348 cm-1 lines are too faint for reliable comparison by visual evaluation. 

3. The characteristic lines of tertiary C atoms as well as those associated 
with hycrocarbon chain stretching vibrations, which were noted for paraffins by 
Sushchinskii4,5 were very poorly defined; they were either very weak (0-1) or 
not discernable at all in some cases. These lines, which are generally rather 
weak as compared to the aromatic and cyclohexyl lines, are evidently masked by 
the continuum. Thus, the presence of structural elements characteristic of paraf- 
fins in the compounds under study cannot be substantiated by examination of their 
- Raman spectra. 


Institute for Petrochemical Synthesis, 
Academy of Sciences of the USSR 
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INVESTIGATION OF AQUEOUS SOLUTIONS OF URANYL NITRATE BY RAMAN SPECTROSCOPY 
- S.Mintz & Z.Kentskii 


One of the principal fields of research in our laboratory is study of the 
structure of electrolytes and reactions between ions and solvent molecules. To 
this end, we employ a number of different methods, including Raman spectroscopy. 
Using this technique, we studied changes in the structure of nitric acid with 
variation in the acidity of the medium, etc. Recently, we began to study the 
concentration dependence of the Raman lines of electrolyte solutions. Some of 
the preliminary results are reported below. 

A solution of uranyl nitrate in water was one of the systems studied. It 
is known that uranyl ions in solution react strongly with the solvent molecules 
to form complexes. According to the data in the literature on the vibrational 
frequencies of the uranyl ion!-4, the Raman spectrum contains a strong line at 
860 cm7! associated with totally symmetrical vibrations, a weak line at 210 cm-l 
due to deformation vibrations, and a line at 930 cm-1 due to asymmetrical vibra- 
tions of voz". we felt it would be of interest to investigate the concentration 
dependence of the parameters characterizing these lines. 

The spectra were investigated by the photographic technique on an ISP-51 
spectrograph, the spectra being recorded on Agfa Raman Ortho plates. The spec- 
tra were excited by the green mercury line from a one-tube (PRK-2 tube) ellipti- 
cal illuminator. The plates were scanned on a MF-2 microphotometer. The 
integral intensities and widths of the lines were determined by the contour meth- 
od, described in Ref.5. The degree of depolarization was measured by means of 
two crossed polaroid films, mounted in front of the spectrograph slit. The values 
were picked off a calibration curve plotted on the basis of tabular data on the 
degree of depolarization of the lines of carbon tetrachloride and cyclohexane. 

The dispersion in the encompassed spectral region was 234 cm-l mm; the ap- 
paratus function was 4.7 cm7!; the spectral width of the slit - 6.5 cml, 

The uranyl ion concentrations were determined gravimetrically by precipita- 
tion using o-hydroxyquinoline®; the nitrate ion concentrations were determined 
with a nitrometer’; the water concentrations were calculated from changes in 
solution density. As was shown by special measurements on a "Unicam" spectro- 
photometer, none of the solutions absorbed light in the excitation region. 

The experimental results for the 860 cm-l line associated with totally sym- 

metrical vibrations of the uranyl ion are 


Parameters of the voz" 860 cm71 presented in the Table. 
line in spectra of aqueous U02 (N03) > The molar integral intensity was cal- 
solutions culated by means of the formula: 
2 rn u 
: : 3 Ae : : Ig = (S/S,) (n?/n2_) (C,/C) +100 
Solution Z ae a as where S is the area under the line contour,, 
Yh cheer e hs B.S n is the index of refraction, and C is the 
si Som jar uranyl ion concentration in moles per liter’ 
ae <u To ear eee subscript "s" refers to the solution taken 
0°93 M 1:2:55 | 100*| 8| 0,48 as the "standard", while the symbols withoui 
1,83. M 112327 119 ‘1 0,15 a subscript refer to the test solutions. 
0°04 M eee. ealatanenete In the present case, all intensities are 
LINO, 3M referred to the intensity of the 860 cm71 | 
US en 11057 1-430 2 ei tel eoelo line in the spectrum of an 0.93 M uranyl | 
3 | nitrate solution taken as 100. | 
* Taken as the "standard" The results presented are averages fo 


5 to 8 determinations. The standard devia- 


J 
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tions for the intensity measurements did not exceed 
10%. 


A reduction in the water to nitrate ion concen- 
tration ratio is accompanied by an increase in molar 


ov intensity of the 860 cm-1 line (see figure); this is 

110\- evidently caused by electron displacements along the 

100 O x 0-U-O bonds. It is possible that the nitrate ions 

0 in replacing water molecules in the uranyl complexes 

ik EET LT aT alter the uranyl electronic shell. 
C1.0/Euo; The width of the 860 cm-l line does not change 
within the limits of the experimental error. 

Variation of the molar The low degree of depolarization of the 860 cm-l 
intensity of the vogt line and its persistence indicate that the uranyl ion 
860 cm! line with the retains a linear configuration in the solutions 
relative concentration studied. 3,8 
of water and nitrate The 210 cm-! line associated with deformation 
ions in aqueous U02(N03)9 vibrations of the uranyl ion was also observed in the 
solutions. spectra; it was not feasible to measure its parameters 


owing to its low intensity and the strong background 
close to the exciting line. It should be noted that we did not observe even a 
trace of the 930 cm™+ line, although the intensity of this asymmetric vibration 
line in a saturated aqueous uranyl nitrate solution was reported by Sutton# to 
be of the same order of magnitude as the intensity of the 860 cm7! line. 
Further study is required for a more consistent interpretation of the re- 
sults. 


Electrochemistry Laboratory, 
Institute of Physical Chemistry, 
Polish Academy of Science 
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INVESTIGATION OF METHANOL SOLUTIONS OF ZINC CHLORIDE BY RAMAN SPECTROSCOPY 
- S.Mintz & S.Osetskii 


solvent systemsl-3 showed marked changes in 
d dissolved salt due to reactions between the 
in these studies was given to measurement of 


Investigations of electrolyte- 
the Raman spectra of the solvent an 
two components. Primary attention 


the line frequencies. 
The observations of Kuchkarev?, made in the course of electrochemical studi- 


es, indicating strong intermolecular interaction in zinc chloride solutions in 
methanol, prompted us to study these solutions by Raman spectroscopy. The Raman 
spectra of these solutions were investigated previously by Hibben“, who noted a 
shift of the 1033 cm~! methanol line to the side of lower frequencies. 

Particular attention was directed in our work to the concentration depend- 
ence of the integral intensity, depolarization factor and width of the 1033 cm71 
line associated with symmetrical vibrations of the methanol C-O bond. The ex- 
perimental procedure was similar to that described in Ref.5 (the preceding 
article). The spectra were excited by the blue mercury line from an elliptical 
illuminator with a PRK-2 tube. 

We employed calibration curves plotted on the basis of the lines of cyclo- 
hexane, chloroform and carbon tetrachloride.&,? The apparatus function of the 
spectrograph was 7.5 cm-l, The solutions being studied did not absorb light in 
the measurement region. 

The zinc chloride content was determined by evaporating the methanol and 
weighing the residue; the methanol content was assumed to be the difference. 

The main anhydrous solution of zinc chloride in methanol was prepared by dis- 
placing the mercury from a methanol solution of mercuric chloride with pure 
metallic zinc. The solution was filtered through a G-5 filter. The other solu- 
tions were obtained by diluting the main solution. 

After completion of the measurements, the water content of the solutions 
was determined using Fisher's reagent and did not exceed 1.1 percent by weight. 
The root mean square error of the intensity determinations did not exceed 14%. 
The uncertainty in determining the depolarization factor amounted to ~0.04. 

The experimental results are presented in Figs.1 and 2. As will be evident 
from Fig.l, the molar integral intensity of the 1033 cm7! line increases rapidly 
with the concentration for ZnClo concentrations in the range from 0 to 0.9 moles 
per liter, while the depolarization factor decreases. This indicates a reduction 
aca polarity of the methanol C-O bond and increase in the symmetry of the mole 
cule. 


as 
LO 284 S kee fy eee a ee 
Cmcr,»mole/liter Conc, Mole /liter 
Fig.1 Fig.2 


Fig.1. Variation of the molar integral intensity (1) and the depolarization fac- 
tor p (2) of the 1033 cm-! line with the ZnClg concentration. 
Fig.2. Variation ee width § (1) and frequency (2) of the 1033 
cm ~ line with the ZnCly concentration. 
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; In the case of solutions 


with ZnClo concentrations greater than 0.9 mole/ 
/liter, we observe a decrease 


in intensity and an increase in the degree of de- 

polarization of the C-0 line; this indicates a reduction in the Symmetry of the 

methanol molecule and an increase in the polarity of the C-O bond. We note that 
the molar integral intensity of the 1033 cm-l line is always higher in solutions 
as compared with pure methanol, while the depolarization factor is lower. 

The nature of the change in the parameters of the 1033 cm71 line gives rea- 
son to infer that the causes responsible for the observed effects are coupling of 
the methanol molecules among themselves through hydrogen bonds and interaction 
of the methanol molecules with zinc chloride molecules, leading to formation of 
complexes. Evidently, at ZnClo concentrations from 0 to 0.9 mole/liter, the ef- 
fects observed are due mainly to changes in the coupling of the methanol mole- 
cules. The decrease in polarity of the C-O bond and the increase in symmetry of 
the methanol molecules shows that zinc chloride molecules promote rupture of the 
hydrogen bonds in this concentration range. At high ZnClo concentrations, inter- 
action between the methanol and zinc chloride molecules predominates; this leads 
to increase in the polarity of the C-0 bonds and decrease in the Symmetry of the 
methanol molecules. 

The increase in line width can be regarded as a result of statistical super- 
position of the lines for a large number of dynamic complexes of zinc chloride 
and methanol having close values of the C-0 bond vibration frequency. 

The reduction in frequency can be explained by the increase in the effective 
mass of one of the vibrating groups owing to coupling with zinc chloride mole- 
cules. 

We were unable to measure the parameters of the other methanol lines because 
of their low intensity and the strong background. We note that a line at 280 cm-l 
was clearly discernible in the spectrum; it is presumably associated with vibra- 
tions of the methanol-zinc chloride complexes. 

The above observations are preliminary in nature; a more complete interpre- 
tation is predicated on further study. 


Electrochemistry Laboratory, 
Institute of Physical Chemistry, 
Polish Academy of Sciences 
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DETERMINATION OF THE INFRARED ABSORPTION COEFFICIENTS OF CHg GROUPS 


IN DICYCLIC COMPOUNDS 
- S.V.Markova & P.A. Bazhulin 


Molecular analysis with reference to infrared absorption spectra has ac- 
quired increasing practical importance in recent years. The study of high boil- 
ing fractions involves the problem of establishing the numbers of CH, CHg and 
CH3 groups in complex hydrocarbons; to determine the number of groups it is neces 
sary to know the absorption coefficient per group. In the present study we de- 
termined the coefficients for the CHy groups in the linkage Jopminet es five- 
membered rings in dicyclic compounds. Since in analogous studies*~* the effect 
of the monochromator slit width on the shape of the recorded bands was not con- 
sidered, we studied a number of paraffins and naphthenes data on which are al- 
ready available in the literature, but in doing so we took into account all in- 
strument corrections. 

We measured the coefficients of absorption at 730 cm71 of the methylene 
groups in several five-membered dicyclic hydrocarbons of the type: 


| >- Hy), -—C | 
where n varied from 2 to 5, as well as in several normal paraffin hydrocarbons 
and five-membered naphthenes. All of the work was performed on a double beam 
instrument consisting of a standard IKS-11 monochromator with an automatic at- 
tachment developed in our laboratory®. 

The resolution of the apparatus is characterized by the following parame- 
ters: with an instrument time constant of ~l1 second and a level of noise, the 
rms value of which amounted to about 2% of the full scale deflection, the ef- 
fective slit width equalled about 2 cm! (0.12 mm) in the 10 p region. A speci- 
al grooved cell was used in the work; the thickness of the cell was measured in- 
terferometrically to an accuracy of ~5%. To minimize the influence of possible 
differences in the cell gap thickness due to clamping, we recorded each band 3-4 
times with the cell refilled and remounted each time. The absorption band for 
the substance and a 100% absorption line were recorded on each spectrogram. In 
processing the results, we determined the intensity Ip as the difference be- 
tween the "background" of the band and the 100% absorption line.* 

An example of a band recording made under close to optimum conditions® is 
reproduced in Fig.1. The slow recording and the large number of individual 
"throws" make it relatively easy to plot a good average curve by eye. According 
to Rautian’, this curve plotting procedure is only slightly inferior as regards 
accuracy to plotting by the method of least squares, but it is obviously much 
quicker. A similar record with noise makes it possible to use rather narrow 
slits. In our case, the slit width amounted to from 0.2 to 0.35 times the band 
width; hence the corrections for finite slit width were minor. We introduced 
these corrections graphically using the Raleigh method as improved by Rautian’. 
In addition, we made corrections for the finite size of the region of integra- 
tion®. The measurement results are presented in Table l. 


*This procedure involves a systematic error owing to the fact that reflection: 
at the liquid-NaCl interface and scattered light are not fully taken into account; 
Appropriate corrections for this were introduced. 
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Fig.1. Record of the 729 cm7! band of 1,4-dicyclopentylbutane. 


Table 1 The variation of the integral absorp- 
tion coefficient with the number of paraf- 
: v © finic CHg groups in the molecule is shown 
eee te 2 Head we gig in Fig.2 for five-membered dicyclanes, 
5S As “OR monosubstituted five-membered naphthenes 
Mea |? 6} and n-paraffins; it will be seen that the 
=a 1 experimental points fit a straight line. 
ee : Consequently, it may be concluded that the 
ee 757 5,1) 31* absorption coefficient varies in propor- 
ah Aga — tion to the number of absorbing groups. 
| 737 | 15 31 It will also be evident that the numerical 
—\ ‘Ya Oo ee values of the absorption coefficients are 
Piet | 729 | 20 88 - virtually the same for all three types of 
— ee compounds. The absorption coefficients at 
ee | 26 | 28 °° the line peaks also exhibit the same (line- 


ar) variation with the number of absorbing 
groups (Fig.3). A comparison of our re- 
sults with the data in the literature shows 
that the frequency of the ~730 cm7! band 


fon 10™* om~/mole K10% cm/mole 


x In this case the measurement error 
* was much greater than usual. 


ee 


120 


100 


~ 


0 
a Sen ate WEE IONE 
BE i 
No. of Gly groups No. of Glo groups 
Fig.2 Fig.3 


Fig.2. Variation of the integral absorption coefficient with the number of linear 
CH2 groups in the molecule: 1) dicyclanes; 2) n-paraffins; 3) monosubstituted 
naphthenes. 
Fig.3. Variation of the absorption coefficient at the line peak with the number of 
chain CH groups in the molecule: 1) dicyclanes; 2) n-paraffins; 3) monosubstitu- 
ted naphthenes. 
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in the spectra of five-membered dicyclic hydro- 
carbons varies with the number of intermediate 
CHj groups in the molecule in the same way as in 
the case of paraffins and naphthenes! (Table 2). 

The values of the absorption coefficients 
per CHy group, averaged for the three classes of 
compounds in question, were found to be Ky = 
= 5.8+103 cm2/mole and Kg, = 11.9+104 cm/mole 
(the measurement error is estimated to be ~10%). 
The validity of this averaging is supported by the 
data of Hastings et all, which show that the ab- 
sorption coefficients at the ~730 cm-l line are very close for paraffins and 
naphthenes. Our data are in good agreement with the absorption coefficients ob- 
tained for paraffins by Luther & Czerwony4, namely, Kg = 6.0°103 cm2/liter and 
Koo = 12.2°104 cm/mole. 

In conclusion, it may be noted that it should be possible to obtain com- 
parable results using different types of instruments, provided appropriate cor- 
rections are made for apparatus factors. This opens the possibility of utiliz- 
ing the extensive data on absorption coefficients in the literature for pur- 


poses of molecular analysis. 


"p.N, Lebedev’ Physics Institute, 
Academy of Sciences of the USSR 
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INTENSITIES OF THE INFRARED ABSORPTION BANDS 
ASSOCIATED WITH C-H VALENCE V IBRAT IONS 


- E.I.Pokrovskii 


In order to determine the branching in polyethylene and the structure of 
certain polymers having different numbers of CH and CHgz groups, we obtained the 
IR spectra of several of normal paraffins from n-hexane to n-hexadecane in the 
3 wu region (Fig.1). We determined the absorption coefficients of their solutions 
in CCl,. Overlapping of the absorption bands was taken into consideration in 
evaluating the coefficients. It was found that the antisymmetrical vibrations 
of CHa and CHg3 groups have a higher intensity than the symmetrical vibrations. 


This is connected with a larger change of the dipole moment in the case of anti- 
Symmetrical vibrations. (¢) 
K 


K 


© ® 


500 500 500 


2800 2900 9000 cu~t 2800 2900 3000 cm-t 2800 2900 3000 cmM-1 


k Fig.1. Infrared absorption spectra of normal 
paraffins; a) hexane; b) heptane; c) octane; 
@) d) nonane. 
The band at 2924 cm-1, associated with C-H 
vibrations in the CHa groups, and the band at 2957 
500 cm”1, associated with the C-H vibrations in CH, 
groups, were used for analytical purposes. The 
intensity of the 2924 cm7! band increases with 
increase in the number of CHa groups, while the 
intensity of the 2957 cm=1! band decreases with 
increase in chain length, since the relative nun- 
ber of CH, groups per molecule decreases. 


2800 2900 3000 cm” In order to allow for the overlapping of these 
bands, we determined their half-width and plotted their contours assuming the 
classical dispersion shape. It was found that the absorption per CHg group amount- 

ed to 154 liters mol~lem-1 at 2924 cm=1, and to 25.7 liters mol~lcm-! at 2957 cm-. 
The absorption per CH3 group was 232 liters mol~lem=1 at 2957 cm71 and 21.3 liters 
mole~lcm-1 at 2924 cm-l. The ratio of the coefficients K at the absorption peaks 
of the CHg and CH3 groups equals 0.66 + 0.01 and does not change in going from the 
CC14 solution to the pure substance or to a film. 

In order to analyze the copolymers obtained by polymerization of Q-methyl- 
styrene with styrene, the absorption spectra of both monomers as well as for the 
pure polymers were obtained (Figs.2 & 3). The spectra of the polymers in the 3 yp 
region differ markedly from those of the monomers. In particular, the weak ab- 
sorption band due to the valence vibrations of the C-H group, which is adjacent 
to the =CH2 double bond, disappears, and new bands characteristic of the -CHo- 
and -CH3 groups appear. The absorption band at 2850 cm-1 for polystyrene and the 
one at 2986 cm-1 for poly-a-methylstyrene were found to be the most suitable for 
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analytical purposes. The absorp-~ 
tion coefficient amounted to 
i 91.2 liters mol~lcm-1 for poly- 
a-methylstyrene in the 2986 cn™ 
band, and to 9.0 liters mole-lem-1. 
in the 2850 cm! band; the cor- 
responding values for polystyrene 
are 10.0 and 39.1. 

The total concentrations 
determined spectroscopically 
agreed with the sample weights 
as taken; individual deviations 
did not exceed 5% of the total 
concentration. For five special- 
ly prepared mixtures of poly-a- 
methylstyrene with polystyrene 
Fig.2. Infrared absorption spectra in CC14: which contained the following 
1) a@-methylstyrene; 2) poly-a-methylstyrene. polystyrene concentrations: 11.8, 
25.0, 53.1, 75.1, and 91.1 mole 
percent, we obtained 11.2, 24.3, 
53.5, 77.9 and 91.6 mole percent, 
respectively, from the absorp- 
tion spectra. 


50 


2800 2900 3000 3100 cm? 


100 
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2800 2900 5000 5100 cat 


Fig.3. Infrared absorption spectra in CCly4: 
1) styrene, 2) polystyrene. 
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INVESTIGATION OF THE COMPOSITION OF THE HIGH MOLECULAR HYDROCARBON FRACTION 
OF BITKOVSK PETROLEUM BY INFRARED SPECTROSCOPY 


- A.F.Mal'nev, V.T.Sklyar, I,M.Mikhlina, G. A, Puchkovskaya, 
L.I.Shulyak & E.F, Shevchenko 


The present work, which was carried out in coo 
of Petroleum Laboratory of the Ukrainian NIGRI (Scientific Research Institute for 
Geological Prospecting) , was concerned with the chemical properties and infrared 
absorption spectra of petroleum from wells Nos.300, 310 and 350 of the Bitkovsk 
field in the Western Ukraine. 

The hydrocarbon portion of the petroleum, boiling above 300°, was separated 
into narrow fractions by conventional physical-chemical methods. 

A solid fraction, T, was first separated at 0° and at -18° from the petrole- 
um samples. Using the method of Chernozhukov and Kazakoval , an aromatic portion, 
AT, was separated from fraction T. The residual solid fraction, OT, was sepa- 
rated by means of complex formation using carbamide into two portions: KT, which 
formed complexes, and NKT, which did not form complexes. The remaining liquid 
fraction was separated chromatographically by means of silica gel into a paraf- 
finic-naphthenic fraction PNZh and into fractions containing mono-, di- and poly- 
cyclic aromatic hydrocarbons, designated at 1AZh, 2AZh and nAZh, respectively. 
The paraffinic-naphthenic fraction PNZh was treated successively with carbamide 
and thiocarbamide. As a result, four (sic) components were obtained » in which 
the following hydrocarbon groups were predominant: I) normal paraffins, II) iso- 
paraffins and monocyclic naphthenes, and III) isoparaffins and dicyclic naphthenes. 

The infrared absorption spectra in the 2 to 15 uy region were recorded on a 
VIKS-3 vacuum infrared spectrometer; the sample cell thickness was 50-55 i. 


peration with the Geochemistry 


Paraffinic-Naphthenic Fraction 
te ree ec nematic tac antabee 


The spectra of the KT solid hydrocarbons are characterized by strong bands 
“in the 3.4-3.5, 6.82, 13.72 and 13.89 regions, which correspond to vibrations 
of the CH groups, and weak bands in the 6.92 and 7.25 regions, associated with 
deformation vibrations of the CH3 groups. The band at 11.2 y corresponds to 
skeletal vibrations of the unbranched paraffin chain2, Very weak bands evinced 
in the 7.6-8.6 region may be indicative of the presence of minute amounts of 
isoparaffins and naphthenes. 

An intense band at 13.89 appears in the spectra of the fraction I liquid 
hydrocarbons. The intensities of the bands at 7.25 and 6.92 Ht are somewhat high- 
er than in the KT spectra; this is due to the greater weight percent of CH3 
groups in the fraction I molecules. 

The spectra of the NKT hydrocarbons are characterized by further strengthen- 
ing of the 7.25 band; this indicates an increase in the weight percent of CHz 
groups. Moreover, the intensity of the 13.89 4. band decreases in the NKT spectra 
)and additional bands appear in the 13.4-13.6 w region; these are characteristic 
of short paraffinic chains: (CHp),,, where n= 1, 2 or 3 (Ref.3). 

In the spectra of fractions II, we observed strong bands at 6.92 and 7.25 u, 
which are characteristic of isoparaffins, and weaker bands in the 8.3-8.6 y re- 
gion, which are presumably characteristic of monocyclic naphthenes. The band at 
13.89 4. is weaker than in the I fractions, while the absorption in the 13.6-13.4 
2 region is stronger. 

. gee the phe of fractions III, we observed strong 7.25 and 6.92 yp CH3 
group bands and the band at 13.89 yu, indicating the presence of normal paraffin 
chains: (CHo) p>» where n 24. The band in the 10.2-10.3 region is character- 
istic of the given group of hydrocarbons and is evidently associated with skele- 
tal vibrations of dicyclic naphthenes. 4 


oe 


oe 
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absorption characteristic of the naphthenic or 


It should be noted that no 
d in the KT and NKT solid hydrocarbon fractions. 


aromatic structures was observe 
Aromatic Fractions 
oS eS ee 


fractions, we observed strong bands at 6.2, 12.2, 
13.4, 13.8 and 14.3 y, and weak bands at 9.6, 11.4 and 12.8 yn, characteristic of 
mono-, di- and polyalkylbenzenes°. The bands at 13.8 and 7.25 indicate the 
presence of unbranched and branched alkyl radicals, respectively. 

As the index of refraction of the fractions increases, the intensity of the 
bands at 6.2, 12.2 and 13.4), which characterize the aromatic structure, in- 
creases, while the band at 13.89 wy, which corresponds to the unbranched alkyl 
radical, becomes weaker. 

In the case of the 2AZh fractions, with increase of the refractive index 
the bands at 6.2, 11.4, 12.2, and 13.4 become more intense, while the bands at 
12.8, 13.8 and 14.3 p become fainter. 

The spectra of the nAZh fractions are characterized by intense bands at 6.2, 
11.4 and 13.4 p; here, particularly bands at 9.6, 11.4 and 13.4 p become stronger 
as the index of refraction increases. The band at 9.6 p is characteristic of a 
condensed polycyclic aromatic structure consisting of a small number of nuclei~. 

The results of our study showed that the petroleums from different wells in 
the same area differed from one another. Thus the T fraction from well No.350 
contained paraffins with a higher degree of branching than that from well No.310. 
Petroleum from well No.310 contained a significant quantity of paraffinic hydro- 
carbons, while that from well No. 350 comprised aromatics. 


In the spectra of the LAZh 
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QUANTITATIVE DETERMINATION OF CHa GROUPS IN OPEN CHAINS BY INFRARED 
ABSORPTION SPECTROSCOPY 
- E.A.Glebovskaya & E, I.Maksimov 


The purpose of the present work was to 
D investigate the 700-800 cm71 frequency range 
comprising the vibrations of CH-bonds in 


06 CHy group chains with a view to quantitative 

as determination of CH, groups in open chains!,2, 

0.41: Such information is needed, in addition to 

3 other data, for comparing petroleum fractions 
and bitumens to solve problems connected with 

8.2 the origin of petroleums. 

OT 


The work was performed on an IKS-11 

D7 70 740 70 790 tent spectrometer. We recorded the spectra of the 

individual pure substances, without a solvent, 

Optical density curve for in 0.06 mm thick layers. As the quantitative 

n-dodecane. measure of absorption we took the integral 
intensity of the band, measured as the area 
in square centimeters bounded by the optical density curve and the "base line" 
(see figure). 

For a number of the individual hydrocarbons, we determined the empirical co- 
efficient K = SV\/n (Ref.3), where S is the measured area of the absorption band, 
Vy is the molecular volume (equal to M/d, M being the molecular weight and d the 
density), and n is the number of CHg groups per molecule. Values of this coeffi- 
cient are presented in Table 1; its mean value can be used to characterize the 
number of chain CHy groups per average molecule in a mixture of methane-naphthene 
hydrocarbons of unknown composition.* In the table An is the absolute error in 
determining the number of CHg groups for each case when using the average value. 

Results of determining the numbers of CHg groups in artificial mixtures are 

-given in Table 2. The mixture compositions are expressed in molar ratios, and 
the number of CHy groups is computed for the average molecule of the mixture, 
using values of M and d calculated on the assumption of straightforward additivity. 

All of the tabular data pertain to substances in the liquid state. Differ- 
ent values of the empirical coefficient were found in investigating the substan- 
ces in the crystalline state: 


Substance nk K 
m-C 36H74 34 163 
n-Co0H42 18 162 
n-C, 7H35COOH 16 164 


This is explained by the fact that the density values used in calculating 
Vy were determined for the melts, while the optical density measurements were 
made at room temperature at which the substances form fissured crystalline films. 

In determining the number of CH, groups per molecule, it is very onerous to 
have to determine Vy, i.e., M and d. 

*There are indications that the value of the group absorption coefficient 
differs for short as compared to long chains of CHy groups. In view of the 
small number of examples of hydrocarbons with short chains (1 CHg group), only 
the data given for n = 4 should be regarded as reliable. 
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Substance 


m-Heptane 0.34 
n-Octane 0.34 
m-Nonane 0.41 
nm-Decane 0.66 
n-Undecane 0.70 
n-Dodecane 0.05 
n-Tridecane 0) 

n-Pentadecane 0.50 
m~Hexadecane 0.90 
n-Heptadecane 0.07 
Isopentane 0.14 
Isooctane 0.01 
Ethylcyclohexane 0.05 
Di-N-propyl ketone 0.10 


Average 205 


Mixture Components 


Ethylcyclohexane 
n-Decane 


n-Hexane 
n-Dodecane 


n-Hexane 
n-Dodecane 


Methylcyclopentane 
n-Dodecane 


Ethylcyclohexane 
n-Dodecane 
Methylcyclopentane 


Number of CHy groups per molecule 


If we restrict ourselves to 
determining the weight percent con- 
tent of CHg groups in the given sub- 
stance, the empirical coefficient be- 
comes Kj = S/cjdx, where c) is the 
weight concentration of CHg groups, 

d is the specific gravity, x the lay- 
er thickness, and S is the measured 
area of the absorption band. Hence 
in this case it is not necessary to 
determine M. 

The situation would be even fur- 
ther simplified if the substances 
could be investigated in solution. 
One could then determine the CHo 
group content per liter of solution 
by using the coefficient K = S/con 
(where Co is the molecular concen- 
tration of a "standard" substance in 
the solution, and n is the group con- 
centration). 
Here, even 
knowledge 
of d is not 
required. 

At pres- 
ent, how- 
ever, there 
are certain 
difficultie 
as regards 
choice of 
appropriate 
solvents; 
these must 
not absorb 
in the 
700-800 cm7™ 
region and 
5.71 must dis- 

solve natu- 
ral high | 


Table 2 


Experimental 


molecular weight paraffins. Polyfluoroethylenes, for example, might be suitable 


solvents. 
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INFRARED SPECTRA OF SOME INTRACOMPLEX COMPOUNDS IN THE REGION OF 
NH VALENCE VIBRATIONS 
- L.A.Kazitsnya, B.V. Lokshin, L.L. Polstyanko & A.P.Terent'ev 


Where intracomplex compounds of metals, having a coordination number 4 and 
a complex core comprising a HN-Me-NH grouping are concerned, we can differenti- 
ate between compounds having a planar trans configuration (I, Co, Symmetry) and 
compounds having a planar cis configuration (II, Coy Symmetry) or a tetrahedral 
confuration; this differentiation is based on the number of bands in the infra- 
red absorption spectrum in the 3000-3500 cm-l region: 


O NH HN NH 


Me 


‘Z 
aX 
HN s O O 


In the case of the trans form, symmetrical vibrations, which occur without 
change in the dipole moment, are inactive in the infrared spectrum; for the cis 
and tetrahedral forms, both the symmetrical and antisymmetrical vibrations are 
active. 

Svatos2 showed that complexes of Cu and Ni with Salicylaldimine, as well as 
Sarcosine complexes with Cu and Zn, have a single absorption band in the 3200- 
3300 cm-1 region and attributed planar trans structures to these compounds; this 
was confirmed for some of them by x-ray diffraction studies3,4, Partially re- 
peating the Svatos experiments, we investigated the infrared spectra of a number 
of intracomplex compounds. Thus, we obtained spectra of Cu, Ni, Pd, Be, and Cd 


Fig.1. Fig.2. plete. 


Infrared absorpt 


-1 


the NH valence vib 


198 - 


ion spectra of the intracomple 


ration region (y, 


x compounds 
cm~1) 


in the NE rae 
Metal 


Addend 


oo nn eee ee 


3300 3303 3298 3351 
oye ee iy 3243 3196 3260 
( | ae 
Sonn IIIa IlIb IIIc illd IIle 
CH, 3287 3390 3280 
| 3356 
pine 3273 
cH 3228 
CH o=on IVa IVb IVc 
tt 
_NH 3324 3318 
IR 3194 3291 
(] 3165 3186 
on Va Vb 
aN 
LI CH=NH 3295 3318 
~ if 3303 
via VIb 
Yon 
CH.CH, 3475 
vans 360 
CH,—CH—NH NH—CH—CH, 3907 
COOH HOOC Vila 
CBC: 3418 
CH,—CH_—NH NH—CH—C,H; 3218 
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salicylaldimines (III); Cu, 
droxyacetophenoneimines (V); Cu and Ni B 


Ni and Pd acetylacetoneimines (IV); Cu and Ni o-hy- 
-hydroxynaphthaldimines (VI); and the 


copper salts of ethylene-bis-—a-iminopropionic and ethylene-bis-d-iminophenyl- 


acetic acids (VII). 


The spectra of the substances (in the form of pastes in vaseline oil) were 


recorded on an IKS-11 spectrophotometer. Results are presented in the table; 


some characteristic spectra are shown in Figs.1-3. 
A single intense absorption band, corresponding to antisymmetrical NH vibra- 


tions was observed only for compounds III-a, III-b, IV-a, Iv-c, VI-a and VI-b 
(see the table and Fig.1); the presence of this band indicates that these com- 
plexes have trans structures (the splitting of the NH valence vibration band for 


VI is small - 15 cm~! and can hardly be attributed to the existence of some 


other configuration). 


Two bands with a separation of 100 cm-l are present in 
the spectra of compounds III-d and III-e; these correspond to symmetrical and 


antisymmetrical NH valence vibrations (see the table and Fig.2), which is in 


agreement with a tetrahedral structure for these complexes. 
VII-a and VII-b also have two absorption bands, but in this case with a separa- 


tion of 200 cm-l, 


The spectra of 


o> 
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It was shown by x-ray diffraction studies? that compound III-c has a planar 
trans structure. A Single band is observed in the spectra of solutions of V-a 
and V-b; the position of this band is virtually identical with the position of 
the band associated with antisymmetrical vibrations in the solid state?; this 
also indicates that these complexes have a planar trans structure. Consequently, 
the complicated structure of the spectra of these compounds (see table and Fig. 
3) should be attributed to the effect of the crystal lattice. 

It is probable that the appearance of several absorption bands in the spec- 
trum of IV-b should also be attributed to the influence of the crystal lattice, 
since there is no basis for assuming a planar cis or an even more exceptional 
tetrahedral structure for these complexes. 

As a result of our experiments, it may be asserted that the appearance of 
@ single band in the NH valance vibration region of the spectrum intracomplex 
compounds containing NH groups can be taken as evidence that the given complex 
has a planar trans structure. 

The absence of splitting in the spectra of solutions and the persistence in 
them of only a single band can be taken as on indication that the complex has a 
trans structure only when the solvent does not have a substantial effect on the 
strength and character of the coupling between the metal and the donor atoms. 
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CHARACTERISTIC BANDS OF COMPOUNDS IN THE PYRIDINE SERIES 
- S.G.Bogomolov, M.G.Bystritskaya & M.M.Kirillova 


We studied the infrared and ultraviolet absorption spectra of 16 hetero- 
cyclic compounds, several of which were synthesized for the first time. Some of 
these compounds are biologically active. 

The infrared spectra of the substances (emulsified in oil) were recorded on 
an IKS-6 spectrometer with NaCl and LiF prisms. The ultraviolet spectra were ob- 
tained with an SF-4 spectrophotometer; ethyl alcohol was used as the solvent. 
Tautomerism of the following type is possible for 2-aminopyridine and a 


number of its derivatives: 
N ‘NH, M NH 
H 


a. b 


woe 


If the compound exists in form "a", absorption bands should appear in the 

frequency region of the infrared spectrum due to the NHg amino group, while a 
band which corresponds to the deformation vibrations of the NHg group should ap- 
pear in the double bond region at about 1640 em7l, along with the absorption band 
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Data on UV absorption 
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Continuation 
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for the pyridine ring at about 1580 cm=1, If the molecule has form "pb", only 
one NH valence vibration band may be expected to appear, while a band associated 
with C=N vibrations should appear in the double bond region instead of the band 
characteristic of the pyridine ring. Our experimental data are presented in the 
~ table. 

Analysis of the spectra of compounds I, II, III, VIII, IX and XVI shows 
that they exist in the amino form in the crystalline state. In all cases, the 
amino group is evinced in the form of three bands: two in the 3280 and 3400 cm71 
regions, and one in the 1640 cm=! region. In the spectra of nitroderivatives, 
the NO» band is located at about 1500 cm-l in most cases. 

It may be concluded from an examination of the infrared spectrum of com- 
pound IV, that this acetyl derivative of 2-amino-5-chloropyridine actually has 


_ the following structure: 
C) y 
\ NHCOCH, 


'This is confirmed by the presence of a band at about 3240 cm-l, which should be 
‘attributed to NH group vibrations. There is a band at 1560 cm-l in the double 
bond vibration region, which corresponds to vibrations of the pyridine ring, and 
one at 1700 cem71, which corresponds to acetyl group vibrations. 

Azopyridines are formed as a result of oxidation of 2-aminopyridine. A 
consideration of the infrared spectra of azopyridines XII, XIII, and XIV fully 
confirms the structures found by chemical procedures. Thus, there is a band at 
1580 cm71 in the spectrum of compound XIII which corresponds to vibrations of 
the pyridine ring and one at 1550 cem71 corresponding to vibrations of the azo 
group. As might be expected, there was no absorption band in the frequency re-_ 
gion for NH bond vibrations. 
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The structure of compound XV was determined solely on the basis of its in- 
ultraviolet spectra. 
pects terete a sores atom into the pyridine ring in the dere adee eer 
aminopyridine leads to shift of their absorption spectra some 10-15 mi to 
r wavelengths. 
ea os aeetae the edeeeciolet spectra of the compounds under study, we ache 
the strong effect of nitro groups on the general form of the spectrum (see e 
table); this can be explained by the fact that the nitro group essentially forms 
a new chromophore in combination with the pyridine ring. Thus, compounds VIII 
and XVI, which are isomers with the nitro group present in the 5 or 3 position 
of the pyridine ring, respectively, have spectra which differ considerably in the 
UV region (see the table); this difference could be utilized for analytical pur- 
ses. 

fe The spectra of compounds XII, XIII, XIV and XV are very similar. In this 
case, the chromophoric group evidently is the azo group -N=N- with pyridine rings 
at its sides, and the introduction of Cl or Br atons, or of the NOg radical, as 
well as replacement of the -N=N- group by a oy group hardly leads to any changes 


in the spectrum. It is extremely interesting that the spectra of these compounds 
are reminiscent of the spectrum of compound VIII. This indicates that the absorp 
tion should be the same whether the nitro groups are introduced into 2-aminopyri- 
dine (creating additional double bonds) or by creating double bonds involving N 
atoms that are outside the ring. 


Sverdlovsk Medical Institute, 
Ural State University 


USE OF INFRARED SPECTROSCOPY FOR INVESTIGATING THERMAL AGING 
OF POLYVINYL CHLORIDE 
- L.N.Pirozhnaya & G.S,. Popova 


Polyvinyl chloride (hereinafter - PVC) (CHjCHC1),, like other polymers, un- 
dergoes changes with time under the influence of external factors, i.e., it 
"ages". The PVC aging problem has been considered by many investigators during 
the past decade. The problem has been studied primarily by chemical methods, 
and these have shown that the PVC molecules split off HCl, under the action of 
heat and light, to form C=C bonds and that the product thus becomes destroyed 
and cross-linked. 

Ultraviolet and visible absorption spectra have been used for monitoring 
the rate of PVC aging, and have been interpreted as proof of the presence of 
polyene systems in aged PVC. The presence of C=0 and OH groups in aged PVC has 
been established by means of infrared absorption spectra. However, although in- | 
frared spectra of aged PVC have been obtained by a number of researchers, they 
have not been analyzed in detail. 

Below we present some data obtained during study of thermal aging of PVC 
by the infrared spectroscopy technique. We paid particular attention to the ab- 
sorption in the 1500 to 1800 cm7! region. This region is the most suitable for 
such work since fresh PVC does not absorb here, while two wide complicated bands 
having absorption peaks at 1610 and 1720 cm~! appear during its aging (Fig.1). 


1500 1600 1700 1800 v,cm"' 


‘Fig.l. Variation of the infrared 
spectrum of PVC with aging time at 
185°; 1) 17 hours, 2) 30 hours, 3) 

50 hours. 


Qs 


* 1500 1600 1700 1600 v.cu-" 


Fig.3. Spectra of PVC samples aged 
under different conditions: 1) 
12.5 hours at 210° in No; 2) 12.5 
hours at 210° in No and then 40 
minutes at 185° in 05; 3) 17.5 
hours at 185° in 05. 
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1500 1600 1700 1800 v.em? 


Fig.2. a - Variation of the infrared spectra 

of PVC with aging temperature: 1) 1000 hours 

at 150°; 2) 6 hours at 200°; 3) 17 minutes at 

300°. b - Variation of the frequency of the 

C=0 group absorption peak with the aging ten- 
perature. 


The band at 1610 cm7! is usually at- 
tributed the absorption of conjugated C=C 
groups. In the spectra of PVC aged in air 
at a temperature of 185°, we observed absorp- 
tion bands in the 700-900 cm=! region which 
indicate (as do the ultraviolet absorption 
spectra) the presence in aged PVC of poly- 
nuclear aromatic compounds in addition to 
polyene systems. The presence of polynuclear 
aromatic compounds in PVC subjected to pyro- 
lysis has been demonstrated by Bersch et all. 

There are indications in the literature 
that C=0 groups of different types absorb in 
the 1650-1800 em71 region. The absorption 
bands associated with these groups overlap 
greatly and could not be separated owing to 
the inadequate resolution of the instrument. 


However, by comparing a large number of spectra of PVC samples aged under differ- 
ent conditions, and examining the results of special measurements performed with 
avery narrow slit, one can infer with some degree of certainty that the above 
mentioned region contains absorption bands with frequencies of 1680, 1700, 1720, 
1735 and 1765 cm-l, According to the interpretation used for oxygen-containing 


iJ 


derivatives of hydrocarbons, these bands may be attributed to absorption by a 


C=0 group conjugated with C=C or C=0 groups of acids, ketones, aldehydes, vinyl 
esters, and anhydrides, respectively.* 

One may, therefore expect the content of such groups, as well as that of 
C=C groups, to vary in PVC, depending on the temperature and length of aging. 


*The PVC chlorine atom does not have any effect on the C=0 frequency, 
since the formation of carbonyl groups is accompanied by the loss of a Cl atom 
in the form of HCl from the corresponding portion of the polymer chain. 
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A comparison of the absorption spectra of Pvc aged at 185° for 17, 30 and 50 
hours (Fig.1) shows that the bands at 1775 and 1610 cm-1 increase in intensity 
relative to the 1720 cm71 band, as the aging time increases. A more complicated 
pattern is observed during aging at different temperatures. The spectra of PVC 
aged at 150, 200 and 300° are shown in Fig.2. To facilitate comparison, we chose 
the aging times of these samples so that the optical densities at the absorption 
peak would coincide. The following changes are observed as the aging temperature 
is increased: the absorption peak for the C=0 group shifts to the side of lower 
frequencies, and there is a relative strengthening of the band at 1610 cm-l and 
a weakening of the band at 1765 em7l, 

The 1765 cm7! band pertains to the absorption of secondary oxidation prod- 
ucts; this agrees well with the increase in its intensity with increased aging 
time, but additional information is needed to explain its behavior at different 
temperatures. 

The absorption band peak shifts by 20 cm-l (from 1724 to 1703 cm7!) as the 
aging temperature is raised from 150 to 300°. In view of this, we can assume 
that with increase of aging there occurs a reduction in the relative aldehyde 
content in aged PVC and then a reduction in the relative ketone content, while 
the quantity of acids and the number of C=0 bonds conjugated with C=C increase. 

Matters are more complicated as regards absorption in the 1600 cm=1 region. 
The absorption coefficient for C=C bonds both in aromatic and in polyene systems 
depends greatly on the polarity of neighboring groups2. That this fact must be 
considered in the case of PVC is proved by the following. The spectra of two 
samples were compared in the 1600 cm-l region; they were aged at the same tem- 
perature, but one was aged in an atmosphere of oxygen while the other was aged 
in nitrogen. The sample aged in nitrogen contained more C=C groups, according 
to our data, than the sample aged in oxygen; nevertheless, its absorption in 
the 1600 cm71 region was much weaker (Fig.3). However, the intensity of the 
bands at 1610 and 1680 cm-! increased sharply within a very few minutes when the 
sample was placed in an oxygen atmosphere. 

It would appear therefore that the increase in the intensity of the 1610 cm-l. 
band with aging time and with increase of aging temperature could be explained 
either by an increase in the number of absorbing groups or by an increase in the 
absorption coefficient of the groups already present owing to the appearance of 
polar C=0 bonds in the PVC molecule. 

The authors express their thanks to V.M.Chulanovskii for his valuable ad- 
vice and discussion of the results. 
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COMPARATIVE INVESTIGATION OF PHOTO AND THERMAL AGING OF ACETALS OF 
POLYVINYL ALCOHOL BY INFRARED SPECTROSCOPY 


- G.S.Popova & E.V, Shuvalova 


Spectroscopic methods are being used with increasing frequency for the 
Study of polymer aging. In the present work, photo and thermal aging of several 
polyvinyl alcohol acetals were investigated by infrared spectroscopy (using an 
IKS-11 spectrometer with NaCl and LiF prisms). The structural formulas of the 


substances studied comprise secondary hydroxyl groups in addition to the acetal 
groups: 


—Nubige=n OH —= CH, = CH — 


| | 
O ——CH — O 


R 


The thermal aging of the first member of this series - polyvinyl formal (R = H) 

- was studied by Beachell, Fotis and Hucks!. The purpose of the present work was 
to compare the processes of photo aging (illumination by a PRK-2 ultraviolet 
lamp) and thermal aging (heating at 150°) for two other members of the series, 
namely, polyvinyl ethylal (R = CH3) and polyvinyl butyral (R = C3H7). 

Both photo and thermal aging of the two polymers is accompanied by decrease 
of the content of OH, CH and C-0- groups together with a build-up of C=0 groups; 
this is shown by a reduction in intensity of the absorption bands in the 3300- 
3600, 2800-3000, 1300-1500 and 1100-1200 cm-l regions and by an increase in the 
intensity of the 1730 cm7! banda. Moreover, the band at 1240 cm=! in the spec- 
trum polyvinyl ethylal? increases in intensity with aging, while the greatest in- 
crease in intensity upon aging is observed at 1190 cm-l in the spectrum of poly- 
vinyl butyral (Fig.1). According to the data of Thompson and Torkington3, the 
C-O- group in acetates absorbs in the 1240-1250 cm-l region, while in propionates 
and higher homologs, this group absorbs in the 1180-1200 cm-l region. Consequent- 
ly, we can infer that acetates are formed during the aging of polyvinyl ethylal, 
“and butyrates during the aging of polyvinyl butyral. Actually, if we assume that 
one C-O- bond breaks and that this C-O radical becomes stabilized as a carbonyl 
group, esters of acetic acid (acetates) should then be formed as a result of this 


if 
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a ae Se ae 
2800 3000 3200 2400 3600 vem? 


Fig.l. Absorption spectra of polyvinyl butyral in the 900 to 3700 em71 region: 

1) initial sample; d = 4.6 wy; 2) after 15 hr 40 min of photo aging, d = 5.4 y; - 

2a) after 50 hours of photo aging; 3) after 300 hours of thermal aging, t = 105 
and d = 4.6 yu. 
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process in the case of polyvinyl ethylal, 
and esters of butyric acid (butyrates) should» 
be formed in the case of polyvinyl butyral. 
The carbonyl band of these compounds should 
appear at 1740 cm-l. The carbonyl band is 
observed at 1730 cm~1 in the spectra of aged 
samples of polyvinyl ethylal? and polyvinyl 
putyral (see Fig.1). In view of the width 
and complex shape of this band it may be in- 
ferred that the absorption due to the ester 
groups is masked by more intense absorption 
due to ketone groups. 

All of the above facts are true for 
either type of aging. Differences between 
the two kinds of aging become evident in 
studying the rate of formation and decompo- 


Fig.2. Variation with time of sition of the functional groups and in in- 
the absorption band intensities vestigating the behavior of the OH absorp- 
in the infrared spectra of poly- tion bands. 

vinyl butyral during photo aging The process of decomposition of poly- 
(solid line) and thermal aging vinyl butyral (Fig.2) like that of polyvinyl 
(dashed line); d = 5 yp: 1) OH ethylal2, can be divided into two successive 
groups, 2) C=0 groups, 3) C-0- periods. The first period is qualitatively 
groups. the same for both types of aging. During 


the second period in thermal aging, there is 
evinced stabilization of the processes of build-up and decomposition all of the 
groups; further decomposition takes place during photo aging, where, not only 
does the content of the initial groups decrease, but so does that of the groups 
formed during the first period. 

It will be evident from Fig.1 that, besides the reduction in the OH group 
absorption band intensity, which is common to both types of aging of polyvinyl 
putyral, there is a shift of the band peak to the side of higher frequencies 
during thermal aging. A similar shift was observed in the spectra of unaged poly 
vinyl butyral having different OH group contents. Thus, polyvinyl butyrals con- 
taining 59.5, 53.1 and 37.7% hydroxyl groups* have the following OH group ab- 
sorption band frequencies: 3390, 3410 and 3465 cm-l. This may be explained by 
the fact that the hydrogen of the hydroxyl group in acetals of polyvinyl alcohol 
may be bound by two different types of hydrogen bonds. In the first type of bond, 
the proton from one hydroxyl group is linked to the oxygen of the other; in the 
other type of bond, it is linked to the oxygen of the cyclic ether, i.e., to the 
oxygen of the acetal ring. According to Shigorin*, the frequency difference be- 
tween the OH groups coupled by these two types of hydrogen bonds (pure alcohols 
and solutions of the alcohols in dioxane) amounts to 140-165 cm-l, The absorp- 
tion bands corresponding to the first and second types of bonding overlap for 
polyvinyl butyral, and the frequency of the integral band depends on the ratio 
of the component intensities. The greatest frequency difference between the OH 
bands of polyvinyl butyral and polyvinyl alcohol Vo, = 3330 cm~1) equals 135 cml. 
i.e., is close to the value given by Shigorin. The shift of the OH band as a 
result of thermal aging is readily explained by change in the relative intensity 
of OH bands of the two above-mentioned types. 

In conclusion, it should be noted that infrared spectroscopy, in addition to; 
substantiating qualitatively the mechanism proposed for the oxidation of acetals 


*The hydroxyl group content of the polyvinyl alcohol sample from which the 
given acetal was obtained was taken as 100%. 
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by Beachell et all, indicates that there is a substantial d 
processes of photo and thermal aging (see Fi 
necessary to consider different mechanisms for the decomposition of the acetals 
Of polyvinyl alcohol in different types of aging. It is possible that a signifi- 
cant contribution to solution of the problem can be made by investigation of the 
composition of the volatile products from the decomposition of polyvinyl ethylal 
and polyvinyl butyral at different stages of photo and thermal aging. 


We desire to express our thanks to V.M.Chulanovskii for his constant inter- 
est in the work and valuable advice. 


ifference between the 
g§-2and also Ref.2), and that it is 
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RARED SPECTROSCOPY 
i TION OF ISOTACTIC POLYMERS BY MEANS OF INF 
+ satie 1 - E, I. Pokrovskii & M.V.Vol'kenshtein 
We recorded the infrared spectra of isotactic polypropene and eames! 2 
on IKS-2 and IKS-11 spectrometers with LiF, NaCl and KBr prisms. The film i oa 
nesses were ~200 py for polypropene and ~25 uw for polystyrene. The spectra in 
3000 to 400 em-1 region were recorded at different temperatures ranging from room 


eratures above the melting point of the polymer. 
temperature to temp aR 


spectra of crystalline 
and molten isotactic 
polypropene in the 
800-900 cm=1 region 
1400 v. em’ differ not only from 
each other but also 
Fig.l. Infrared absorption spectra of polypropene: 1) iso- from an spectrum of 
tactic at 20°C, 2) isotactic at 170°C and 3) atactic poly- atactic polypropene 


Wy, % S40 Sa SS eG 


00 800 1000 1200 


propene. (Fig.1). Moreover, 
4 in the absorption 
Yat spectrum of crystalline polypropene there appears a 


strong absorption band at 992 cm-l, the intensity of 
which depends on the degree of crystallinity of the 
material (Fig.2). 

Inasmuch as the method of determining the "degree 
of amorphism'’ on the basis of the "amorphous band at 
790 em~! does not allow of accurate determination in the: 
case of samples with a high degree of crystallinity! 2, 


v 100 200 we chose the absorption band at 992 em-l for this pur- 
oe pose. In order to avoid measuring the thickness of the 
Fig.2. Temperature de- samples, we made use of an "internal standard", namely, 


pendence of the trans- the absorption band at 969 em! , the intensity of which 
mission at 992 cm71 in remains constant, i.e., does not depend on the degree of? 
the spectrum of isotac- crystallinity of the polymer; this is substantiated by 
tic polypropene. analysis with respect to the absorption band at 790 em71 

and determination of the optical density at 969 em71 of 
the same polypropene film in the crystalline state and in the molten state. The 
degree of crystallinity of polypropene was determined by measuring the optical 
densities Dj and Dp» at 969 cm-l and 992 cm7!, respectively, taking into account 
the overlapping of these bands and the fact that at 100% crystallinity D5 = 1.20 
Dj. The degree of crystallinity in the investigated specimens went as high as 
96%. 

Tsotactic polystyrene is characterized by a number of absorption bands in 
the crystalline state, which vanish or are greatly weakened upon melting of the 
polymer (Fig.3). The most noticeable crystalline absorption bands are located 
at ~775, 840, 916, 1315 and 1360 cm7!, The band“at ~775 cm-1 disappears complete 
ly upon melting; in the case of the double band at ~912 em71, the high frequency 
band vanishes, while the low frequency component at 906 cm7l remains. The absorp 
tion band at 840 cm7! is shifted somewhat upon melting to the side of lower fre- 
quencies. This shift, however, is too small to be used for determining the "de- 
gree of amorphism'’. The degree of crystallinity should preferably be determined 
with reference to the absorption band at 775 cm-l, with the 700 cm-l or ~760 emi 
band being used as the "internal standard". For such determination one must, of 
course, have a set of calibration samples with known degrees of crystallinity. 
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* It,% 


In the low frequency 
100; 


region of the spectrum of 
C) atactic polystyrene there 
are observed two absorp- 
tion bands - at 560 and 
940 em71l, in the spectrum 
of isotactic polystyrene 
Only one band —- at 560 
100 em-l, The intensity of 
® the absorption band at 
540 cml decreases with 
increase of isotacticity. 
The intensity of the ab- 
fe sorption bands does not 
change when the polysty- 
rene is put into solution. 
By analogy with polypropene 
and polymethylmetacrylate 
it may be inferred that 


50 


oe eT es ee ‘ 
20001800 1500 7000 700 600 500ven’ the absorption band at 540 
em7~1 belongs to syndiotac- 
Fig.3. Infrared absorption spectra of polystyrene; tic polystyrene, the ab- 
a) isotactic crystalline, b) atactic. sorption spectrum of which 


differs from the spectrum 
of isotactic polystyrene. 


References 


1. V.N.Nikitin & E, I, Pokrovskii, Doklady AN SSSR, 95, 109 (1954); Izv.AN 
SSSR, Ser.fiz., 18, 735 (1954). (Trans.Bulletin 18, No.6, 415.) 
- 2. E,I,Pokrovskii & M.V.Vol'kenshtein, Doklady AN SSSR, 115, 3, 552 (1957). 
(Trans. - Doklady.) 


- 1210- 


USE OF INFRARED ABSORPTION SPECTRA FOR INVESTIGATING STRUCTURAL CHANGES IN 


FLUORINE PLASTICS UNDERGOING AGING 
- L.I.Tarutina 


Polyfluoroethylene (-CF 5-CFH-) yn» polytrifluorochloroethylene (-CF,-CFC1-)y, 
and the copolymers of tetrafluoroethylene with ethylene (-CF 9-CF 9-CHo-CHo~) n 
and of vinylidene fluoride with trifluorochloroethylene (-CF 9-CHo-CFC1-CF 9) n are 
new plastics which are very stable with respect to high temperatures and aggres~- 
give media. However, they are subject to aging at certain temperatures. The 
present paper reports a study of this process, using infrared absorption spectra. 
The measurements were performed on an IKS-11 spectrometer, using films about 
100 p thick. 

It follows from our results that the thermal aging of polymers containing 
poth C-Cl- and C-H- bonds or C-F- and C-H- bonds, is mainly determined by the 
rupture of these bonds with liberation of HCl or HF. During aging in vacuum, 
this leads to formation of unsaturated bonds or to cross-linking; in the air 
there is also some oxidation of the material. 

Polymerization conditions may affect the thermal aging of the polymer. Thus, 
the thermal stability of the copolymer of tetrafluoroethylene and ethylene large- 
ly depends on the presence of branching. Establishing this fact by spectroscopic 
studies made it possible to modify the synthesis conditions so as to obtain a 
polymer having higher thermal stability.* 

The copolymer of tetrafluoroethylene and ethylene was subjected to aging in 
the air and in vacuum at 200, 240 and 290°C. An absorption band was observed in 
the spectrum of this copolymer at 1390 em~l; this indicates the existence in the 
copolymer chain of branched side chains having terminal methyl groups. The ther- 
mal aging of the copolymer in the air depends on the amount of branching. New 
absorption bands appeared in the spectrum of the branched copolymer sample at 
1615, 1677, 1755 and 1780 cm-l (Fig.1,b); the same time the sample developed 
color (see table). Evidently, aging takes place mainly at tertiary carbon atom 
locations without affecting, however, the number of methyl groups, since the in- 
tensity of the CH, group band does not change during the aging process. The de- 
pendence of the intensity of coloring on the degree of oxidation of the copolymer » 
is an indication that conjugated groupings are formed under the influence of at- 
mospheric oxygen. Increasing the aging temperature to 290°C leads to a signifi- 
cant acceleration of the process of aging in the air (by more than 100-fold) as 
compared with aging at 240°C (Fig.1,c). This can be explained by the splitting 
off of HF, which is confirmed by chemical analysis. The spectrum of the copoly- 
mer acquires a new feature; an additional band appears at 1720 em7!; this can be 
attributed to formation of -CF=CH- groups as a consequence of detachment of F 
and H atoms. No absorption bands are evident in the 1600-1900 cm71 region of 
the spectrum of the copolymer aged in vacuum (Fig.1,d). Under these conditions 
the splitting off of HF evidently leads to building up of chains. 


D 
me +Fig.1. Absorption spectra for copolymers 
s of tetrafluoroethylene with ethylene: a and 
F b) aged in the air for 260 hours at 240°C 
10 ; (a - weakly branched sample; b - well branch-: 
s ed sample); c) 3 hours in the air at 290°C, | 
eee ae branched sample; d) 17 hours under vacuum | 
7600. 1700 1800 1900cm7. at 290°C, branched sample. | 


*The synthesis of this copolymer was performed by S.G.M 
-G, Malkevi = 
ticipated in the studies of its aging. ! vich, who par 
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Absorption Band Frequencies, cm-l * 
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*The frequency values are shifted relative to the frequencies of the 
same groups in hydrocarbons. The bands were identified by comparing the 
copolymer spectra with the spectra of model substances and with data in 
the literature. qa 

**C-0 valence vibrations, oF OH deformation vibrations. 


Polytrifluoroethylene. The thermal aging of polytrifluoroethylene was 
studied at 240°C. An absorption band appeared in the polymer spectrum at 1767 


0 
em, this was attributed to C=0 vibrations in the “cv group. At the same time, 
H 


the intensity of the band at 2987 cm7! (valence vibrations of the C-H polymer 
bonds) increased and the band contour was distorted. The band at 1767 cm! was 
not observed in the spectrum of the polymer aged in vacuum; evidently, cross- 
linking occurs. These spectrum changes, as was also the case for the copolymer 
of tetrafluoroethylene and ethylene, were not observed in the spectra of all of 
the samples, but only in some of then. 

The copolymer of trifluorochloroethylene and vinylidene fluoride* undergoes 
significant changes at 300°C. Aging at lower temperatures (250 and 270°C) pro- 
ceeds much more slowly, while absolutely no change in the spectrum is observed 
after heating for even hundreds of hours at 200°C. New absorption bands appear 
in the spectrum of the copolymer during aging in air (Fig.2); these can be as- 
sociated with the formation in the copolymer of acid groups (bands at 1614 and 
1787 cm=1), aldehyde groups (band at 1760 cm71), and unsaturated groups (bands 
at 1721 and 3122 cm™}). Only the last two bands appear in the spectrum of the 
copolymer aged in vacuum. Together with the appearance of these new absorption 
bands, there are evinced decreases in the intensities of the main bands at 2983, 
3024, 1393 and 1425 cem71 (valence and deformation vibrations of the CHa group), 
970 cm! (vibrations of C-Cl bonds) and 1100-1300 cm7! (vibrations of C-F bonds). 
Thus, on the basis of the spectra we can draw the following inferences with re- 
spect to aging-induced structural changes in the copolymer. During the first 


*E.1I.Blyumental' participated in the study of this copolymer. 
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Fig.2. Absorption spectra of the copolymer of trifluorochloroethylene and vinyl- 
idene fluoride at 300°C aged in the air: 1) before aging, 2) after 20 hr, 3) 50 
hr, 4) 60 hr, 5) 70 hr, and 6) 80 hr. 


hours of aging, the C-Cl-, C-H- and C-FO bonds break up with formation of -CF=CH- 
groups (Fig.2) and evolution of HCl and HF (mainly HCl). The double bonds formed 
in the process promote oxidation of the copolymer, leading to formation of oxygen 
containing groups. The observed shift of the absorption limit into the visible 
region of the spectrum indicates formation of conjugated systems. 
Polytrifluorochloroethylene. Two absorption bands at 1363 and 1784 cm7l, 
associated with the formation of -CF=CF 9 in groups, are observed in the spectrum 
of the polymer aged under vacuum at 300°C. The band at 1881 cm-l, which we at- 
0 


W 
tributed to mate groups, was not observed in the case of aging of the polymer in 


the air!. an insignificant absorption rise appears in the 1810 cm71 region; 
this can be attributed to oxygen-containing groups of another type (possibly, 
ketones). The addition of water during aging of the polymer in vacuum causés 
an increase in the intensity of the bands at 1363 and 1784 cml; consequently, 
water has a catalytic effect on the aging process. 


I express my sincere thanks to V.M.Chulanovskii for his interest in the work. 


and useful advice, and to L.V.Chereshkevich, S,G.Malkevich and Ts.S.Dunaevskaya 
for providing the polymer samples and helpful discussion of the results. 
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INVESTIGATION OF STRUCTURAL CHANGES IN VULCANIZED RUBBERS EXPOSED TO 
THE ACTION OF MINERAL ACIDS 


~ A.F.Postovskaya & A.S.Kuz'minskii 


Many rubber articles are required to o 
The acids cause major changes in the st 
effect on their mechanical properties. 
bers has been considered in the literat 
There have been no investigations in wh 


Sion products obtained under the influence of mineral acids were analyzed. A 
knowledge of the character of these products is of considerable practical and 
theoretical Significance, since it would enable establishing just what processes 
occur in vulcanized rubbers exposed to mineral acids and thus help Clarify the 
mechanism of these processes. 

We investigated the structural changes occurring in vulcanized rubbers un- 
der the influence of HNO, and HCl by infrared spectroscopy. We worked with 
vulcanized rubbers having different structures, namely, 1) heat vulcanized buta- 
diene sodium rubber (SKB) and heat vulcanized divinyl-styrene rubber (SKS-30). 
These vulcanized rubbers had the same values of the equilibrium modulus, which 
is proportional to the number of cross-linkages developed. 

The infrared spectra of the vulcanized rubbers were obtained in the 3800 to 
600 cm7l range on an IKS-2 double beam spectrometer. Films of the vulcanized 
rubbers 30 » thick were exposed to the action of nitric and hydrochloric acids 
(25 to 50%) at temperatures of 25 and 80°. We used the same samples for the 
before and after measurements in order to exclude errors associated with sample 
preparation. The experimental results are presented in Figs.1 and 2. 


perate in contact with inorganic acids. 
ructure of the polymers with deleterious 
The action of acids on vulcanized rub- 
ure only from the applied point of view. 
ich the functional groups of the conver- 
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 Fig.1. Infrared absorption spectra of heat vulcanized butadiene sodium rubber 
treated with nitric acid: 0) purified raw SKB rubber; 1-5) heat vulcanized SKB 
a - untreated, 2 - treated with 25% HNO, for 12 hr at 25°, 3 - 25% eh Aa 
24 hr at 25°, 4 - 50% HNO3 for 24 hr at 259, 5 - 25% HNO, for 1 hr at 80 i 
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Fig.2. Infrared absorption spectra of heat vulcanized divinyl-styrene rubber 
(SKS-30) treated with 25% hydrochloric acid at 25°: 0) untreated (control), 1) 
treated for 1 day, 2) 3 days, 3) 6 days, 4) 14 days, 5) 17 days. 


The following absorption bands were observed in the spectrum of purified 
raw SKB rubber (see Fig.1): 680, 720, 910, 965, 992, 1300, 1360, 1437, 1357, 
1640, 1825, 1856, 2926, 2979, 3019 and 3080 cm-l. A detailed interpretation of 
these bands has been given in our earlier paper!, Examination of the spectrum 
of heat vulcanized SKB shows that the vulcanization process is accompanied by a 
mild oxidation; new bands appear at 1700-1710, 1240 and 3450 cm-l in the spec- 
trum of the vulcanized product; these indicate the presence of oxygen-containing 
groups2~4, The bands at 1700-1710 cm-l correspond to the carbonyl group >c=0, 


0 
the 1240 cm7! band to the -b-0-R group, while the band at 3450 em~! is character- 
istic of -OOH and -OH groups. The spectra of films exposed to nitric acid show 
an increase in the intensity of all bands that correspond to oxygen-containing 
groups, and exhibit several new absorption bands located at 759, 854, 1360, 1550 


and 1672 cm71, the interpretation of the bands based on the data in the litera- 
ture5-9 is the following: 


Absorption band Vibration type 
759 cm71 Deformation, NO, group 
854 Valence, NO in tne R-O-N=group 
1360 Symmetrical valence, NO9g group 
1550 Antisymmetrical valence, NOg group 
1672 


Valence, NO in the R-O-N=0 group 


These data indicate that two processes take place in the heat vulcanized 
SKB rubber exposed to the action of nitric acid, namely, 1) an oxidation process 
accompanied by the formation of oxygen-containing groups (hydroperoxide, hydroxyl 
carbonyl, etc.), and 2) a nitration process leading to the formation of nitro 
compounds. The nature of the reaction products formed during the action of ni- 
tric acid on the polymer depends to a large degree on the concentration of the 
acid and the temperature. No build-up of oxygen-containing compounds was ob- 
served during the action of 25% nitric acid at 25°, although some formation of 


® 
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nitro compounds did take place. However, during the action of 50% nitric acid 
at 25°, a build-up of oxygen-containing groups was observed together with the 
formation of nitro compounds. The nitration and oxidation processes increase 
greatly in intensity with rising temperature. The same relationships are ob- 
served for the action of nitric acid on heat vulcanized divinyl-styrene rubber. 
Also, it was shown by mechanical and by physical-chemical procedures that this 
reaction produces major structural changes in the vulcanized rubbers which are 
evinced in their structuralization (cross-linkage) and destruction. The former 
predominates during nitration, while destruction is predominant during oxidation. 

A study of the spectrum of films of heat vulcanized SKS-30 (Fig. 2) treated 
with 25% hydrochloric acid at 25°, indicates that no significant structural changes 
occur in the vulcanized rubber for up to 6 days of treatment. No chlorine-con- 
taining compounds were detected. These results are in good agreement with data 
obtained using physical-chemical and mechanical methods of study; the equilibrium 
modulus, relative elongation, breaking strength, and general unsaturation scarce- 
ly change. After 14 days of treatment, however, bands appeared at 600, 650 and 
700-750 cm-1; according to literature datal0-11, these can be attributed to chlor- 
ine-containing compounds containing one atom of Cl per C atom. Along with the 
formation of the chlorine-containing compounds, a decrease was observed in the 
intensity of the absorption band at 910 cm-l, which is associated with vinyl 
groups. This reduction is evidently connected with the addition of HCl at the 
double bond in the 1,2 position. Increasing the temperature greatly intensifies 
the chlorination process. 

Data on the change in the mechanical properties (equilibrium modulus and 
breaking strength) of the vulcanized rubbers indicate that structuralization is 
the predominant process during hydrochlorination. 

We desire to thank V.M.Tatevskii for permission to measure the rubber spec- 
tra in his laboratory and M.A.Salimov for assistance in recording the spectra. 


Scientific Research Institute of the Rubber Industry, 
Chemistry Committee of the Council of Ministers of the USSR 
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INFRARED SPECTRA AND THE STRUCTURE OF THE PRODUCTS OF TELOMERIZATION OF DIENE 
HYDROCARBONS WITH HALOGEN DERIVATIVES 
- A.A. Petrov & T,.V.Yakovleva 


1. It has been shown in a number of studies!-4 carried out in our labora- 
tory that diene hydrocarbons readily react with halogen derivatives, particular- 
ly of the allyl type in the presence of chlorides of Sn, Ti, Zn, Fe and other 
metals with the formation of mixtures of telomers having the composition 
R—(C,Hen—2)x—Gl. In this manner there is obtained from isoprene and its hydro- 
chlorides a mixture containing appreciable amounts of geranyl chloride, an im- 
portant semi-product in the production of citral (geranial) , which is used by 
the vitamin and perfume industries‘. It is planned to utilize this procedure 
for large scale production of citral in the USSR. 

2. As a result of addition of halogen derivatives to dienes there can be 
obtained 1,2- and 1,4-products. It is difficult to determine the structure of 
these products by chemical methods. We have made extensive use of infrared spec- 
troscopy in our laboratory for establishing the structure of telomers. We judged 
of the telomer structure from 1) the frequency the intensity of the bands associ- 
ated with the valence vibrations of the multiple bonds (the frequencies corre- 
sponding to the -CH=CHg, -CH=CH- and C=CHg groupings are 1635, 1660 and 1680 cm 
2) the presence of corresponding deformation vibration bands in the 800 to 1000 
cm) region (-CH=CHp : 920 and 980 cm71, -CH=CH- : 960 cm}, etc.) and 3) the 
presence of a band due to the valence vibrations of =C-H at 3030 em7! or its over- 
tone at about 6100 en, characteristic of the C=CHg end grouping. In each case 
we tried to use all three methods; this, however, was not always feasible. 

Telomers obtained from allyl halogen derivatives contain a minimum of two 
double bonds with the same or different character of substitution. In the latter 
case, it was not always feasible to resolve the two frequencies in the 1650 em~1 
region. It was, however, possible to determine the telomer structure with a high 
degree of certainty from two other regions of the spectrum. 

3. In one of the simplest cases, namely, in telomerization of divinyl with 
its hydrochlorides there are obtained two products with the composition CgH) 3Cl. 
In the spectra of the former, in addition to the bands associated with the -CH=CH- 
grouping there are also present bands associated with the vinyl group. Hence the 
inferred structure is 


-l) 


CH, — CH = CH — CH, — CH, — CHCl — CH = CHy’; 


this inference has been substantiated by chemical methods. In the spectrum of 
the latter product the bands associated with the -CH=CH- grouping stand out clear- 
ly, while the bands of the vinyl group are very weak. In view of this we attri- 
buted the following structure to the principal part of the latter product: 


CH, — CH = CH — CH, — CH; — CH = CH — CH, — Cl. 


This was also substantiated by chemical methods. 

In this case the bands due to the valence vibrations of the multiple bonds 
(the vinyl group and the -CH=CH- grouping) are well separated. In other cases 
for example, in the spectra of the two isomeric addition products of Be ChVenos! 
pentene-3 and divinyl, these bands are not resolved; the isomers differ, however 
as regards their spectra in the 900 to 1000 em71 region and only the first of ; 
them has an overtone at about 6100 cm71,3 

4. In some cases, for example, in telomerization of 2-chloropentene-3 with 
isoprene, piperylene (1,3-pentadiene) and chloroprene, 1,4 addition products are 
obtained in the amount of 85-90%. In the spectra of these telomers there are 
clearly evinced only the bands associated with the -CH=CH- grouping, while the 


" 


~~ 
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bands of the vinyl group are either weak or absent. After extraction from the 
mixture of most of the 1,4-isomer by reaction with urotropine, one can detect 
1,2 products in the remainder. 3 

5. Through the use of infrared spectroscopy we were able to solve the prob- 
lem of the virtual identity of the telomers obtained from allyl isomers. In the 
case of primary-secondary and primary-tertiary allyl isomers there are obtained 
mainly products involving the primary isomer, regardless of what isomer is taken 
in the reaction. To some minor extent, however, the second isomer is also in- 
volved in the reaction. This was proved by comparison of the spectra of the 
products of thorough hydrogenization of the telomers with the spectra of the ex- 
pected saturated hydrocarbons. 2 

6. Of greatest interest from the practical standpoint and at the same time 
the most complex is analysis of mixtures of telomers obtained in the reaction of 
isoprene with its hydrochlorides. We inferred from the infrared spectra that 
there are present in this mixture geranyl, linalyl and terpenyl chlorides, as 


well as some other chlorides with an undetermined structure. 4 


7. We also used infrared spectroscopy for identifying citral (gerenial) de- 
rived from the above mentioned telomer mixture by the Sommelet reaction.° Our 
study showed that synthetic citral is not identical with the usual natural com- 
pound, but contains more neral (citral b) and an admixture of undetermined struc- 
ture. Examination of the Raman and ultraviolet absorption spectra of synthetic 
citral led to the same inferences. 

8. Similar investigations were carried out on some higher telomers; it was 


shown that their structure approximately corresponds to the structure of the 
simplest addition products. 
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IDENTIFICATION OF RESIN ACIDS FROM THEIR INFRARED saa oe oan 
- N.A.Borisevich, N.I.Makarevich, A.M. Prima, I. I. Bardyshev A. 


Resins from coniferous species (pine, spruce, cedar, etc.) pest 
tain terpene hydrocarbons and resin acids, which are widely meet scaee paar 
facture of turpentine and camphor; these 2 mel ta raw materials ploy 

aper, soap and other indus ° 
a prep etter trae me arias in structure and readily undergo rer 
This explains why the individual resin acids were not separated until pate Me 
In fact, it is only lately that chemists nave okt: Te to identify the Vv 
tained in natural mixtures of res ac ° 

aa peeeatecer ies with the substantial difficulties involved in chemical analy- 
sis of resin acid mixtures during their manufacture, spectroscopic procedures 
for analysis of these substances have acquired considerable significance. How- 
ever, hitherto the infrared spectra of many resin acids had not been studied. 
The present report covers a thorough investigation of the infrared spectra of 
abietic (I), laevo-pimaric (II), dextropimaric (III), and dehydroabietic (Iv) 


acids: 


Soe gat oO a CCC eae aes CReneaas 
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SNe SUEY Ne BCH! EN ae 
Bl lg lawzocet ei nee “nt | SH ci aes. 
Egat as Na ges 
CHs CHs CHs3 CH; 
I II ii id IV 


The infrared spectra of solutions of the resin acids in CCl, and of plates 
obtained by compressing the acid with potassium bromide under vacuum at a pres- 
sure of 4000 kg/em2 were observed on an IKS-11 spectrometer. The spectra of the 
solutions were virtually identical with those of the compressed samples. 

It will be evident from a comparison of the spectra (see figure), that the 
spectra of acids I, II and IV differ little in the frequency region of the valence 
vibrations of the CH, CHg and CHg groups. The significant difference of the spec- 
trum of acid III in this region from the spectra of the three other acids may be 
attributed to the presence of the vinyl group: ~CH=CHo. 

The frequencies (1685 and 1282 em7!) of the absorption bands corresponding 
to C=0 and COH groups were found to be relatively insensitive to structural 
changes in the remainder of the resin acid molecule. The intensity of these 
bands changed markedly in going from one substance to another. 

The following was observed in the frequency region for the C=C double bond. 
A band of varying intensity at 1544 cm-l was observed in the spectra of Lee 
and IV. The intense band at 1631 cm! in spectrum III is related to the presence 
of the above mentioned vinyl group. We note in passing that another strong band © 
in the spectrum of III, at 1409 cm-l, is also associated with this group. In 
addition, the spectrum of IV had a band at 1502 cm-l, which is characteristic of 
the benzene ring. The absence of the other band characteristic of the benzene 
ring (at ~1600 cm~!) is presumably due to the fact that it is masked by the edge 
of the strong band at 1685 cm=!, 

Finally, we note the presence of a number of intense bands in the 800 to 
1100 cm~1 region, which are characteristic of the following acids: 893 cm71 (I), 
1007 and 1024 cm! (11), and 821 cm™! (IV); these are evidently associated with 
vibrations of the molecular skeletons. We also note a sharp band at 905 cm~1 
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Infrared spectra of compressed plates (KBr) of the resin acids: I) abietic, ITI) 
laevo-pimaric, III) dextro-pimaric, IV) dehydroabietic; K is the molar absorption 
coefficient. 
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of III, which we attribute to the vinyl group. 

ne ca Dee eve ences Cewreraniine the resin acid spectra are not in conflict with | 
data obtained previously by us on the infrared spectra of substances having simi- 
lar structure; retene, fichtelite, and phenanthrene. 

Thus, despite the general similarity in the infrared spectra of the investi- 
gated resin acids, there exist characteristic differences by means of which these 
individual acids can be identified. We plan in the future to develop an infrared 
spectroscopic procedure for quantitative analysis of resin acid mixtures. 
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INFRARED SPECTRA OF CELLULOSE AND ITS DERIVATIVES 
-~ B,1.Stepanov, R.G, Zhbankov & I.N.Ermolenko 


Until now infrared spectroscopy has not been utilized to any appreciable 
extent for the study of cellulose; this is explained by the difficulty of obtain- 
ing the spectra of fibrous materials, owing to their strong light scattering. 

Most infrared spectra of cellulose were obtained for films of regenerated 
cellulose or cellophane, i.e., for modified cellulosic substances. Yet, a clear 
idea of the true spectrum of cellulose can be gained only by investigating fi- 
brous celluloses. Conventional procedures for reducing light scattering (such 
as dissolving the fibrous celluloses or placing them in an immersion medium) can 
lead to serious destructive changes and may limit the observable spectral range. 

Our procedure is based on compacting of the cellulose fibres passed through 
a coarse sieve, without addition of any extraneous material. By this procedure 
we obtained the spectra of different celluloses in the 2.5 to 15 uw range. We 
give tentative interpretations of all the principal bands in the cellulose spec- 
tra on the basis of comparison with the spectra of native cellulose and its de- 
rivatives. 

Bands were observed in spectra of native celluloses in the following regions: 
3330, 2940, 1650, 1428, 1360, 1340, 1325, 1290, 1225, 1190, 1150-910 and 705 cm7!, 
The band at 3330 cm-1 (OH valence vibrations) is sensitive to the nature of the 
hydroxyl groups and to rupture of hydrogen bonds. 

An intense band appears at 1740 cm~1 (C=0) in the spectra of oxidized cellu- 
loses (except for dialdehyde cellulose). In the spectra of celluloses oxidized 
by nitrogen dioxide, the intensity of the band at 1740 em-1 is not proportional 
to the carboxyl group content, but passes through a maximum, as does the total 
content of carbonyl and carboxyl groups. The intensity of the bands at 1430 
1360, 1340 and 1325 em~1 is sharply reduced as the degree of oxidation of he 
cellulose by nitrogen dioxide increases, while absorption in the 1280-1160 cm 
region increases. A minor reduction in absorption in the 1400-1300 em-l region 
together with the complete disappearance of the weak band at 1190 cm7 are ob- 
served in the case of oxidation with periodates. The spectrum of dicarboxyl 
cellulose is characterized by greater absorption in the 1280-1190 cem7l region 
than in the spectrum of monocarboxyl cellulose; it also exhibits considerably 
less absorption in the 1430-1280 em7! region (CH20H). 


- 1221 - 


An intense band at 1290 and weaker bands at 1390 and 1200 cm 
Spectrum when cellulose is nitrated. 


residue differs from the spectrum of 
intensity of the band at 1190 em7!, 


The spectrum of dialdehyde cellulose is characterized by very diffuse ab- 
Sorption in the 900 cm=l region. A weak band appears at 955 cm7! in the spec- 
trum of cellulose having a significant number of carboxyl groups. An intense 
band at 870 cm=1 and a weak one at 770 em71 appear in the spectrum of cellulose 
oxidized by nitrogen dioxide. The spectrum of mercerized cellulose is character- 
ized by a sharp increase in absorption in the 910 cm7l region, the appearance of 
a weak band at 980 cm-l, significant reduction in absorption in the 1430, 1340 
and 1325 cm-l regions, and some reduction of the absorption in the 1290 and 1225 
em~1 regions. These characteristic features of the spectrum of mercerized cel- 
lulose are very noticeable in the spectrum of cellulose treated with 12% NaOH. 

. From comparison of the spectra of cellulose regenerated after alkaline treat- 
ment in a viscose plant using the classical method and in "VA" equipment, it was 
concluded that the reaction of cellulose with caustic in the "VA" equipment was 
not uniform. It thus became possible to suggest ways for improving the quality 
of "VA" process viscose. : 

The methods of infrared spectroscopy are highly suitable for investigating 
the ion-exchange properties of oxidized celluloses. An analysis of the spectra 
of different oxidized celluloses showed that the carboxyl groups were primarily 
bonded to the cations. 

Examination of the spectra of oxidized celluloses treated with basic dyes 
showed that these dyes were capable of chemically combining with the cellulose 
carboxyl groups. A comparison of the spectra of mono- and dicarboxyl cellulose 
showed that a carboxyl group in the second or third position reacts more actively 
with the dye than do uronic carboxyl groups. By spectroscopic techniques it is 
possible to determine both the total dye sorption and the sorption of the dye 

reacting with carboxyl groups. Other procedures are not satisfactory for this 
“purpose. 

: The methods of infrared spectroscopy also proved to be useful for studying 
other chemical changes in the structure of cellulose. 


ot appear in the 
The spectrum of unhydrolyzed cellulose 


natural cellulose only in the much greater 
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DETERMINATION OF THE ISOTOPIC COMPOSITION OF DEUTERO-ORGAN IC COMPOUNDS 


BY INFRARED ABSORPT ION SPECTROSCOPY 


1. Organic deuterium compounds find wide application in chemistry for study- 
ing problems involving the mutual influence of various atoms in organic molecules, 
the mobility of hydrogen atoms, the role of the solvent, etc. In the course of 
synthesizing deutero-organic compounds, there is always need to monitor their 
isotopic composition. This determination may be realized by combustion followed 
by isotopic analysis of the water formed, by mass-spectrometry, Or, finally, by 
using infrared absorption spectra. Of the three, the infrared technique has the 
most advantages: the high sensitivity of this procedure makes it possible to 
determine the distribution of deuterium among the individual groups, the analysis 
requires a minimum amount of sample material, and the sample is not decomposed 
or otherwise harmed. 

2. The accuracy of the analysis using infrared spectra depends primarily on 
which absorption bands of the mixture - those of the main component or those of 
the impurity - are chosen as the analytic bands. In this connection, we regard 
as impurities those molecules in the sample which either contain no deuterium or 
which are insufficiently deuterized. Performing the analysis with reference to 
the main component bands requires determining their absorption coefficients. For 
this, it is necessary to have either a pure sample of the deutero-organic com- 
pound under study or a sample whose isotopic composition has been established by 
an independent method, for example, by combustion. The accuracy of the analysis 
using the main component bands amounts to 7-10% under favorable conditions (ab- 
sence of superposition). 

Much higher accuracy may be attained by using the impurity bands. This is 
explained by the fact that the impurity concentration in the sample is usually 
low: the order of a few percent. Thus, if, as in the previous case, the concen- 
tration of the impurity is determined with an accuracy of 10%, and the impurity 
content is, say, 2%, the concentration of the main component would evidently be 
determined with an accuracy of 0.2%. As a rule, such an accuracy exceeds re- 
quirements; this makes it possible to use approximate methods for determining 
the impurities, for example, to utilize literature data on the intensities of 
the analytic bands. This is particularly convenient when the impurities are 
partly deuterized substances. 

3. The isotopic composition of deutero-organic compounds is most simply 
determined in those cases when the analysis involves molecules containing a 
single X-D group. In this case, those molecules which contain no deuterium re- 
present the impurity, and consequently, the determination of absorption coef- 
ficients for their bands presents no difficulty. As examples of such analyses, 
we may cite the procedures developed in our laboratory for determining the iso- 
topic composition of deuterochloroform CDCl3, monodeuterobenzene CgHs5D, deutero- 
methanol CH30D, and deuteroacetic acid CH3COOD. 

; In analyzing CDCl3 for CHCl3 as the impurity, the main analytical band 
re ee bit was the CH valence vibration band of CHCl3, located at about 2038 cm7l. 
a check, an analysis was also performed with reference to the CH deformation 
vibration band at 1200 cm7!, The analysis based on the 3028 em! band gave a 
eee concentration of 99.08 + 0.07%. The analysis with reference to the 1200 
cm ae gave a CDClg concentration of 99.11 + 0.10%. 

the analysis of monodeuterobenzene, CeH fe) 
impurity, was performed with reference to Ge Sete Stuinoalte’ Daea tht as ieee 
as well as with respect to the CgHg fundamental band at 674 cm™! (4 vibrations) 


, 
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The superimposed absorption of the CeHs5D limited the sensitivity of the analysis, 
which showed a CgHsD concentration in excess of 97.5%. AS a check, a sample of 
CgHsD was analyzed by the proton magnetic resonance pro 


cedure; the result in this 
case was 92 + 10%. 


In analyzing deuteromethanol, CH30D, for light methanol, CH OH, the band 

for OH group valence vibrations at 3330 cm-1 was taken as the analytic band. 
This same band served for determining the isotopic composition of the hydroxyl 
groups in a sample of completely deuterized methanol, CD30D. Finally, the band 
for OH group valence vibrations (3200 cm71 region) was also used for determining 
the isotopic composition of the carboxyl groups in deuteroacetic acid CH3COOD. 
In the last case, check analyses were performed using the CH3COOH absorption band 
at 1182 cm71 and the band at 947 cm™! associated with non-planar OH deformation 
vibrations. The analytic results based on the different bands showed good agree- 
ment. 

In the course of determining the isotopic composition of deuteromethane, 
CD4, in addition to the bands of the main component, we observed in the spectrum 
of the sample bands at 2990, 2140, 1035.5 and 1002 cm71 | which we attributed to 
CHD3, and a very weak band at 1238 cm-1, which we ascribed to CHgDg. In view of 
the low concentrations of CHD3 and CHoD2, we evaluated their percentages on the 
basis of the data in the literature on the intensity of the 2140 and 1238 cm71 
bands. 


The author thanks V,M.Chulanovskii for his continued attention and interest 
in this work. 


Scientific-Research Physical Institute, 
"A.A, Zhdanov" Leningrad State University 
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INFRARED SPECTRA AND STRUCTURES OF THE PRODUCTS OF LINKAGE 
OF DIFFERENT SUBSTANCES TO VINYL ACETYLENE HYDROCARBONS 
- A.A.Petrov & R.V. Yakovleva 


In order to establish the fundamental regularities obtaining in single-Syste 
reactions, we investigated the addition reactions of vinyl acetylene hydrocarbons} 
having various structures with a series of electrophilic Coromi ne: chlorine, a 
dine, hydrogen halides and alkyl hypohalites) , nucleophilic (water aber eae an 
amines), and radical (lithium alkyls and diazo-compounds) reagents + ek OG 
cases, the clearest conclusions as to the structure of the adducts could be drawn! 
from the infrared spectra. 

As a result of linkage of the various addends to vinyl acetylenes, one can 
obtain 1,3-diene, acetylene, or allene compounds by 1,2-, 3,4-, or 1,4-addition, 
respectively. All of these have highly characteristic IR spectrum bands: the 1,3! 
dienes in the 1600 em-l1 region; acetylenes in the 2100 or 2200 cm=1 region, de- 
pending on the nature of the substitution, and allenes in the 1960 cm-1 region. 

In addition to these multiple bond frequencies, we also made use of the CH val- 
ence and deformation vibration frequencies for determining the structure of the 
products. 

Thus, for example, primarily two substances were obtained as a result of 
adding bromine to unsubstituted vinyl acetylene: the lower boiling point substance! 
exhibited intense bands at 1558 and 1621 cm71, characteristic of a Br-substituted! 
1,3-diene grouping, as well as the usual deformation frequencies of the vinyl 
group at 928 and 969 cm-l; the higher boiling compound showed the intense band 
of the allene grouping at 1960 em-1, Thus, the infrared spectra lead to formulas: 
(I) and (II), which were substantiated by chemical methods}: 


CHBr = CBr — CH = CH; (I) 
CHBr = C = CH — CH.Br; (ID 
CH= C— CHEr— CH. Br: (III)} 


It was also possible to confirm, using the methods of infrared spectroscopy ,, 
the formation of small amounts of a third possible isomer as well. In fact, the 
spectrum of the dibromides comprised a band at about 3300 cm-l, which could only 
be attributed to the dibromide with a terminal acetylene grouping. 

Dibromides were obtained as a result of adding bromine to vinyl alkylacetyl- 
enes; only the triple bond frequencies were evinced in their spectra. In view of 
this, structure (IV) was assigned to these compounds; this was also confirmed by 
chemical methods2. It was shown in the same way that the alkenylacetylene di- 
bromides mainly had the allene structure (v):2 


R—C==C— CHBr— CH,Br: (Iv) 
R— CHBr— CH= C = CHBr. (v) 


An order of linkage similar to that of bromine was demonstrated spectroscopi 
cally for the case of phenylated vinyl acetylenes. 3 

At the same time, it was found that iodine only attaches to triple bonds, 
regardless of the hydrocarbon structure4. 

As a result of addition of nucleophilic reagents - water and alcohols - to 
vinyl alkylacetylenes, alkyl propenyl ketones or their enolic ethers were obtain- 
ed; this was confirmed both chemically and spectroscopically.§& 

Radical reagents, like lithium alkyls, yielded allene compounds exclusively 
while aromatic diazo-compounds (in the halogenarylization reaction)® predominant: 
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linked up to the double bond to form acetylenic compounds. 
Clearest evidence of the structure by infrared spectroscopy was, in general, 

obtained for the compounds that contain a terminal acetylene grouping, since the 

CH valence vibration frequency of this grouping is very intense and lies in the 

3300 cm-l region, where there are no interfering frequencies. The detection of 

doubly-substituted acetylenes with reference to the valence frequencies of the 

acetylene bond is less reliable, because of the low intensity of this frequency 

in the spectra of some of the addition products. 

The detection of allene compounds on the basis of the 1960 cm-l band is 
hampered by the fact that some 1,3-diene compounds also absorb in this region. 
We encountered such a case, for example, in studying the bromination of vinyl 
phenylacetylene. 3 

The detection of 1,3-diene compounds may be hindered by a band character- 
istic of several acetylene compounds, which appears in the 1640-1720 cm-l region. 
In this case, particular attention should be directed toward analyzing the spec- 
tra in the region of the CH deformation vibrations. 

Infrared spectra were also used for establishing the structure of the prod- 


ucts obtained by addition of various substances to vinyl-acetylenic alcohols? 
and acid estersl0, : 
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MOLECULAR SPECTRUM 


Tetraethyllead 


lead (HEL) is formed! as a by-product during industrial 
lowers the quality and chemical stability of the latter. 
reliable procedures for determining HEL in TEL. 


(TEL) is widely used as an antiknock additive. 
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OF HEXAETHYLDILEAD AND DETERMINING ITS CONCENTRAT ION 


IN TETRAETHYLLEAD 
- N.K.Rudnevskii & N.N. Vyshinskii 


Hexaethyldi- 
manufacture of TEL and 
There are as yet no 


Accordingly, our work was de- 


voted to exploring the possibility of spectrophotometric determination of HEL 


in TEL. 


The vibrational and electronic spectra of TEL have been studied by a number 


of investigators. 2-6 


Judging from the available literature, the spectrum of HEL 


has not been investigated hitherto. 


We studied the IR spectrum of 
of an IKS-2 spectrometer and a ZMR-2 monochromator. 
was found in this region between 
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Fig.1. Absorption 
curves for TEL (1) 
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Fig.2. Working 
curves for determin- 
ation of HEL ( = 
= 320 mi): 1) in 
TEL (cell thickness 
0.100 mm); standard 
- n-heptane. 


HEL in the region from 1.5 to 25 yp by means 
No substantial difference 
the IR spectra of HEL and TEL; this eliminates 
the possibility of using the IR spectra for solving the 
problem. The difference between the electronic spectra 

of these compounds (Fig.1), obtained with an SF-4 spectro- 
photometer, however, made it feasible to develop a pro~ 
cedure for quantitative determination of HEL in TEL. 

If a binary system obeys the Lambert-Beer law and the 
physical density is constant, the total optical density at 
a given wavelength is a linear function of the concentra- 
tion of the determined component. Such a dependence ob- 
tains for solutions of HEL in TEL (Fig.2, curve 1). The 
relative error in determining HEL amounts to +5% in the 
0.5 to 3.5% concentration range. 

The optical density increases sharply when the HEL con! 
tent is greater than 3-4%; consequently, we used n-heptane 
to dilute the samples. The HEL concentration after dilu- 
tion was determined using curve 2 of Fig.2, and the initi- 
al concentration of HEL in the TEL was then calculated. 
However, since TEL absorbs in the 320 mi region, in using 
curve 2, we obtain an overestimate of the HEL content. 

It is not hard to show, however, that if the Lambert- 


‘ Beer law is satisfied, the HEL concentration C' in the 


sample found from curve 2 is linearly dependent on C, its 
true value, i.e., that 


. 4 100 
c'=aC (1—z)+>, 

where a is the ratio of the absorption coefficients of 
HEL and TEL in the 320 mu region. Thus one can easily 
introduce appropriate correction. The relative error in 
determining HEL by this method amounts to +4%. The de- 
crease in the error percentage indicated is due to use of 
a thicker absorption cell for the diluted solutions. 

The described procedure for determining HEL in TEL 
was for investigating the photo and thermal decomposition 
reactions of TEL in the absence of atmospheric oxygen. It 
was shown that the optical density of TEL increased when 
the compound was irradiated with ultraviolet (Fig.3) or 
heated. It was assumed that the liquid phase products of 
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TEL decomposition comprise HEL. This assumption was 


D confirmed by polarographic? and chemical analyses. 

Qe A comparison of the results of spectrophotometric 
Qé and polarographic measurements of the HEL concentra- 
Q4 / j tion in the thermal decomposition products of TEL 

* showed that the first method gives results which are 


consistently higher by an amount greater than the error 

Da 700 %60 400 a.m of either procedure. This gives reason to infer that 
in the process of thermal decomposition of TEL, not 

Fig.3. Absorption curves only HEL but also other compounds absorbing in the 320 

(cell thickness 0.020 mm y region are formed. 

of 1) untreated TEL, 2) 

UV irradiated TEL, 3) 

HEL. 
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SPECTROPHOTOMETRIC ANALYSIS BY THE ''ZERO HETEROCHROMATIC POINT” PROCEDURE 
- B. I, Sukhorukov & A.1I.Finkel 'shtein 


In an earlier publication! we described a simple technique for compressing 
plates of the investigated substance with alkali halide salts; this procedure 
involved preliminary manual forming of the mixture. The applicability of this 
procedure to determination of the infrared absorption spectra of samples was de- 
monstrated in Refs. 2-4. 

In the present contribution we examine the theoretical basis for spectro- 
photometric quantitative analysis by the "zero heterochromatic point" procedure 
and give an example of use of this procedure for analysis of a mixture of di- 
cyandiamide, (H2N)2—C=N—C=N, in solid melamine. 

Assume that we have chosen in the spectrum of the sample three points with 
wavelengths };, \., and },; here i; is the wavelength of the chosen analytic point, 
hep marks the maximum absorption of the internal standard and i, is a point where 
the absorption of the analyzed component is low. 

As we know, for analysis by the method of internal standards, one must find 
the quantity 


7° 
pei 
ros al eal (1) 
ie 7° ? 
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where D; and Dor are the optical densities of the i-th determined component and 
of the standard substance, I and Jj, are the intensities of the incident light, 
and J; and /,, are the intensities of the transmitted light at the wavelengths 
hy and aN pe 

For determination of J° and /°, by the "zero heterochromatic point’ procedure 
we made use of the equations 


[on gigandenl; uly: (2) 


where /, is the intensity of the transmitted light at point Ao, and a and & are 
constants which depend on the energy distribution in the spectrum of the light 
source, the absorption and scattering of light by the matrix (principal) sub- 
stance and the width of the slits; a and b are determined from the spectrum of 

the sample containing the matrix but neither the analyzed substance nor the stand— 
ard. If one determines a and 5 in the absence of the matrix substance the formu- 
las given below become more complicated. It follows from Eq.(1) and Eq.(2) that 


I 

et EI Woes 

Ri = —, oer crs aaa (3) 
Ig7-+lga cT~cT 


where ¢ and ¢. are constant coefficients, and C; and C,,are the concentrations 
of the i-th determined component and the standard. 
If the }), point is chosen so that it lies in the region of absorption of 
the standard substance, the equation relating &; and C; becomes 
tie Weer Corl or ; 1 
Fin wie 16 Co Cm (4) 


i ej 


In the case of overlapping of the bands of the determined components, we ob= 
tain 


in Re — ne 
Res gpa ee oat ee, (5) 


where C; is the concentration of component 7. 

When i), ki and }; lie in the region of the spectrum where the transmission 
changes sharply (owing to overlapping with a strong absorption band of the matrix 
or the region of anomalous scattering), the constants a and b will vary somewhat, 
depending on the thickness of the plate, and for accurate analysis this varia- 
tion must be taken into account. To this end, we determine a and ) for one of 
the plates with C, = 0 and C,,= 0, which plate is thereinafter considered the 


"standard" one, and find the auxiliary constants A and B by means of the follow- 
ing formulas deduced by us earlier: 


iy To 
jgeet 
qe eee re (6) 


Ts Ig 70 
Os 


where J},, J?, and /j,, pertain to the standard plate, and J° /° and J°, to the other 
plates with (; = 0 and C,,= 0, used for determination of A and B. 


The correction for plates with the sampl 
ple is introduced 
following equations by means of the 


1, een Ts and | Fer = it Is 
Tim ae CF ee Pah 2 (7) 


U 


s 


a) 


as 
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Working curve for 
determination of di- 
cyandiamide in mela- 


, Ihine. 
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where J}, pertains to the Standard plate and in practice 
is replaced by photography of a screen at point io; Lo, Lorn 
and J/;,, are measured values at the points ho; Agr and i,, 
and /,, and /; are corrected intensity values at the points 
ee hi, which are used in the formulas for calculating 
ie 

The determination of dicyandiamide in melamine was 
carried out in the following manner. The concentration 
of the sample in the compacting material (potassium bro- 
mide) was 6%. The sum of the scattered and reflected 
light exceeded 95%, hence we introduced a correction ac- 
cording to Eqs.(6) and (7). For analysis we used the ab- 
sorption band of dicyandiamide at 4.6 u; for A, we chose 
4.0 1. By way of internal standard we used potassium 
ferrocyanide ()\..= 4.95 1), which was introduced into the 
potassium bromide in the amount of 0.15% by joint recrys- 


tallization of the salts from water. 
The working curve for determination of dicyandiamide is shown in the accom- 


panying figure. 


The total time required for analysis is 1.5-2 hours, which in- 


cludes approximately an hour for preparation of the samples (weighing out the 
materials, hand grinding in a porcelain mortar, etc.). 

It should be noted that the "zero heterochromatic point” procedure can be 
used not only for analysis in the solid phase by means of compacted plates, but 
also for analysis in the liquid phase (in thin layers if it is necessary to ex=- 
clude the influence due to differences in layer thickness) and for samples in the 


form of paste. 


In comparing the "zero heterochromatic point" procedure with the "base line” 
procedure it should be recalled that in case there is no overlapping with the 
spectrum of the matrix material or the "anomalous scattering" band, both proce- 


dures are equally applicable. 


Where there is such overlapping, however, only the 


“heterochromatic zero point” method with introduction of corrections according 
to Eqs.(6) and (7) is applicable. 


“Dzerzhinskii" Branch of the 
Scientific Research and Planning Institute of the Nitrogen Industry 
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ATION OF ITS ABSORPTION SPECTRA 


INVESTIGATION OF AGING OF CASTOR OIL BY OBSERV 
- M.S. Kozyreva 


41 is a complex mixture of triglycerides, 1.e., esters of glycerol 
and Sena weiapeeris caida The major component (80-88%) of the acid portion of 
castor oil is ricinoleic acid. In addition to the triglyceride of Tig inlets 
acid, glycerides of stearic, oleic and linoleic acids are present in the oil. 

Recently, castor oil has found a new use as a liquid dielectric in electric 
capacitors. 2 In capacitors, the dielectric is simultaneously subjected to the 
action of an electrical field and to heating. We investigated the effect of an 
electrical field on the oil in a vessel, similar to one described in Ref.3, in 
which the volume of air above the oil was significantly greater (by a factor of 
about 10) than in ordinary capacitors. The treatments to which the various 
samples were subjected were the following: 


Sample No. Treatment 
1 Initial castor oil (i.e., no treatment) 
2 ~300 hours at 70° (heating in the air) 
3 Direct electrical field E=1 kV/cm ~80O hours. 


(In this case the field was highly non-uniform: 
The field strength was appreciably greater at 
the edges of the electrodes. ) 

4 Simultaneous action of an electrical field (E = 
= 125 kV/cm) and heating (50°), ~70 hours. 


The treated samples were investigated by infrared spectroscopy. The spectra 
were obtained on an IKS-11 spectrometer, being recorded by an EPP-09 automatic 
recorder directly coupled to a FEOU-15 amplifier. Appropriate reference lines 
were imposed on the spectrograms for determining the frequencies of the absorp- 
tion bands; this was accomplished by a special device connected in between the 
FEOU-15 and the EPP-09. Changes observed in the spectra of the samples are de- 
scribed below. 


2800-3100 cm 


Region 

As can be seen in Fig.1, the intensity of the 3010 cm~! band decreased in 
the spectra of the treated samples. The weakening of this band is connected with 
decrease in the number of =CH groups, i.e., with the process of polymerization, 
and is accompanied by a lowering of the iodine number of the samples. 


1500-1900 cm7! Region 


Broadening of the band at 1740 cm7! to the low frequency side was noted in 
this region for the treated samples (Fig.2); this is due to ester C=0 groups and 
can be explained by the formation of additional carboxyl and carbonyl C=0 groups. 
The increase in the number of carboxyl groups in sample 2 was confirmed by chemi- 
cal analysis. It will also be evident from Fig.2 that the intensity of the band 
at 1660 cm71 decreases in the spectra of treated samples, and that a very weak 
band appears at 1630 cm-l. Similar changes were observed in the spectrum of de- 
hydrated omens oil as it dried with autooxidation, a process in which conjugatec 
bonds develop. According to Bellamy®, systems containing conjugated C=C bonds 
have two absorption bands in this region; here the supplementary band (1630 em) 


*The iodine numbers were determined for us by A.G, Melikhova. 


- 1231 - 


(Transmission + M), 
& 
Ss 


% 
S 


3100 3000 


L=0,103 mm 


2900 2800 


Win GE 


Fig.1. IR absorption spectra of castor oil (solution 2% by weight in CCl) in the 
2800-3100 cm~! region; 1-4 are the sample numbers. 


Fig.2. Same as Fig.1 but in the 1500-1900 cm~ 
region. 


a 
i 


should have a frequency some 30 
em! lower than the frequency 

of the corresponding unconjugated 
compound (1660 cm71). However, 
the appearance of two conjugated 
bonds cannot be explained on the 
basis of the structure of the 
ricinoleic acid radical (the 
main portion of castor oil), if 
one does not consider how it 
changes during heating. It is 
known that when ricinoleic acid 
is heated, dehydration occurs, 

a molecule of water is split 

off from each acid molecule and 
there forms linoleic acid or its 
isomer with conjugated double 
ponds! 6, The phenomenon of 
castor oil dehydration was re- 
peatedly observed by us during 
its heating out of contact with 
air; this was judged by the re- 
duction in intensity of the band 
at 3420 cm=!, and has also been 
noted in the literature’. In 
the present case (samples 3 and 
4), the decrease in intensity of 
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this band was insignifi- 
cant; in fact, it was 
even observed to increase 
in the case of sample 2. 
However, it did not ap~ 
pear possible to evaluate 
the degree of dehydration 
during oxidation (in the 
case of heating) from the 
intensity of this band in 
view of the simultaneous 
increase in intensity 
owing to formation of 
hydroperoxide and carbox- 


yl OH groups. 498 


660-1000 cm! Region 


(Transmission — M), % 


It can be seen from 
Fig.3 that an increase 
takes place in the over- 
all absorption of the 
+, samples as a result of 

Hue gag HY ee MENS aging (treatment). There 

Fig.3. Same as Fig.1 but in the 700-1000 em~1 region. is an increase evident in 

the intensity of the band 

at 960 cm7+ and a decrease in the intensity of the band at 725 cm~1 (the intensi- 

ty of this band also decreased in the spectra of samples 3 and 4). Corresponding 

changes in the 960 and 725 cm71 bands were observed in the process of drying lin- 

oleic acid and dehydrated castor oil with autooxidation?»8; these were explained® 

by the isomerization of the oil during which the -CH=CH- groups change from a cis 
to trans configuration with respect to the double bond. 

Of the other bands associated with the C=C double bonds, we should remark on 
the 1660, 900 and 855 em-1 bands, intensities of which decrease as a result of 
polymerization. It is difficult, however, to evaluate the change in intensity 
of these bands in the spectrum of sample 2, in view of the strong increase of the 
integral absorption. It is evident from a comparison of the spectra that the 
game changes take place under the influence of the electrical field with the oil 
in contact with air as under the influence of heat. The changes observed in the 
spectra of castor oil are generally analogous to the changes that occur incident 
to polymerization (during drying) of linoleic acid and dehydrated castor 01148 
in addition to the data noted in Refs.4 & 8, we observed a minor amount of de- 
hydration. Thus, under the action of an electrical field and heating in contact 
with air, there occur dehydration and isomerization, leading to polymerization 
of the castor oil. Moreover, significant oxidation of the castor oil takes place 
when it is heated in contact with air. 
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VACUUM DOUBLE-BEAM DIFFRACTION SPECTROPHOTOMETER FOR THE INFRARED 


2700- 


- V.I.Malyshev & S.G.Rautian 


Fig.l. Optical system of the DAIKSF-1 double- 
beam diffraction spectrophotometer. Double- 
beam illuminator; spherical mirrors My, M'y 
(f = 200 mm, 45 x 85 mm) , Mo, M'o (f = 180 m, 
75 x 120 mm), Mg (f = 200 mm, 75 x 85 mm) and 
plane mirrors M3, M'3, Ma, Ms & M7. Prelim- 
inary monochromator; spherical mirror Mo (f = 
= 300 mm, 60 x 95 mm), plane mirrors Mg & 
Mjo and the prism P. Main diffraction mono- 
chromator: spherical mirrors Mj), & Mi 9 (f = 

= 2000 mm, dia. 250 mm), Mj4 (f = 50 mm, 90 x 
x 90 mm), plane mirrors M,3 and lenses Lj 


Cf = 540 mm) and Lo (f = 700 mm) of KBr. 


To facilitate the solution of a number 
of spectroscopic problems requiring an instru- 
ment with high resolution and, in particular, 
for the purpose of developing procedures for 
measuring the true widths and intensities of 
infrared absorption bands, we developed and 
had constructed in our optical laboratory the 
double-beam spectrophotometer with inter- 
changeable diffraction gratings described be- 
low.* The working range of the instrument ex- 
tends from 1 to 25 un. 

The instrument comprises three principal 
parts: a double-beam illuminator with associ- 


, ated photometric detecting and amplifying equipment, a preliminary prism mono- 
chromator and the main diffraction monochromator. The optical system of the spec- 
trophotometer is shown in Fig.l. 
Mg and M7 form the double-beam illuminator. The spherical mirrors M] and M2 in 
one beam (and M', and M'g in the other) form a 2X magnified image of the source 
S in the plane of the cell K and the photometric wedge W. The half-disk rotating 
(9 rps) mirror Mg alternately directs the two beams on the slit. The mirror Mg 
images the photometric wedge with two-fold magnification on the slit S, of the 


prism monochromator. 


The mirrors M,j, M',, M2, M'o, M3, M's, M4, M's, 


Either a Silit rod or a ribbon filament lamp may be used 


*A.M.Surov participated in the design of the mechanical assemblies. 
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as the source. The photometric wedge consists of eight triangular blackened 
bronze strips 0.1 mm thick and 100 mm long mounted in a frame. The wedge is 
moved by the servomotor of the tracking system and is mechanically linked with 
the pen of the recording device. 

The preliminary prism monochromator consists of mirrors Mg, Mg & Myo ae 
interchangeable prisms of LiF or KBr with refracting angles of 37.5° and 30”, 
respectively. The main diffraction monochromator employs the Ebert-Fastie 
mounting.1 The collimating spherical mirrors Mj] and MjQg have focal lengths 
of 2 meters and measure 250 x 300 m. The interchangeable echelette gratings 
have 300, 200 or 50 lines/mm and were ruled in the State Optical Institute by 
F.M.Gerasimov. The 50 mm high slits Sg and Sg are curved in accordance with the 
theory of Fastie?; the radius of curvature is 125 mm. The radius of curvature 
of slit S} (320 mm) was chosen so that the curvature of its image produced by 
the optics of the prism monochromator would agree with the curvature of slit So 
in the middle of the working ranges of the prisms. The exit slit S3 is imaged 
by mirrors M3 and M)4 with 12X demagnification on the bolometer B. The collect- 
ing lenses Lj and Lg serve to eliminate vignetting. 

In our spectrophotometer the echelette gratings are used not only with the 
usual orientation, i.e., in directions close to the peak "throw’ from the wide 
face of the lines, but also in the directions of reflection from the narrower 
faces (at large angles of diffraction). As we noted earlier2, this setting of 
the echelette gratings has a number of advantages as regards resolution, trans- 
mission, extension of the working region to the side of longer wavelengths, etc. 

The echelette gratings are mounted on a rotating stand with a conical shaft, 
the full weight of which is carried by an end-thrust bearing. The stand is ro- 
tated by means of a feed screw; a nut on the screw contacts a 500 mm lever, the 
other end of which is linked with the stand shaft. The necessary vacuum tight 
connection between the shaft and lever is realized by means of a sylphon. The 
reduction gear driving the feed screw has provision for rotating the gear at ll 
different speeds ranging from 5-10-4 to 5°1077 radians/sec. The angle of rota- 
tion of the grating is indicated on a circular dial mounted on the feed screw 
axis; the range of rotation is 20°. 

The radiation detector is a bolometer prepared by Markov’. Its principal 
parameters are the following: sensitivity threshold - 5-10-11 w (with an ampli- 
fier time constant of 1 sec), time constant - 0.02 sec, conversion factor - 30 
v/w. The bolometer strip is curved in accord with the curvature of slit S3. 

The amplifying equipment was developed earlier and is described in Refs.4 & 5. 
Its time constants are 0.5, 1, 2, 4, 8 and 16 sec. The spectrum is recorded on 
charts (250 x 550 mm) mounted on a rotating drum. The drum rotation times are 
8, 16, 32, 64 or 128 min. The maximum time for full side to side movement of 
the recording pen is 8 and 16 sec. 

The monochromator is assembled on an H-beam (height 600 mm, width of shelf 
300 mm). The cover of the instrument is welded of sheet iron and reinforced with 
ribs; it is provided with a rubber gasket and is attached to the H-beam by bolts.. 
The slit widths are varied and the prism monochromator positioned by means of 
sylphon manipulators. The instrument chamber is evacuated to 1071-1072 mm Hg 
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Fig.2. Absorption spectrum of CO in the 4.56 y. region. 
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‘by a VN-2 pump. The total weight of the instrument is about 1 ton. 

Tests of the instrument showed that the rotation of the grating is realized 
uniformly and smoothly without jumps or binding. The clear diffraction pattern 

_ observed with a narrow slit in the zeroth order is evidence of the high quality 

of the collimator mirrors of the main monochromator, prepared in the Optical Shop 
of the Physical Institute of the USSR Academy of Sciences. 

The spectra width of the slit in the 1.5 to 5 4. region equals approximately 
0.2-0.25 cm-1 (with a Signal to noise ratio of about 100 and an amplifier time 
constant of 1 sec). By way of illustration the record of the spectrum of CO in 


the 4.5 region made with a 300 lines/mm grating and a 0.26 cm7! slit is repro- 
duced in Fig.2. 


"G.S, Landsberg" Optical Laboratory, 
"P,N. Lebedev’ Physical Institute, 
Academy of Sciences of the USSR 
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THE IKS-12 AND IKS-14 INFRARED SPECTROMETERS 
- N.S,Golyandin, I.G.Ptitsyna, I.I.Reshina & I.L.Sakin 


These two infrared instruments of domestic manufacture - the IKS-14 spectro- 
photometer and the IKS-12 spectrometer - are designed for rapid and reasonably 
accurate recording of absorption spectra. 

1. The IKS-14 spectrometer (Fig.1) records the IR absorption spectra of vari- 
ous substances directly in percent transmission. The device may be operated as 
either a double or a single beam instrument. An operating range from 0.75 to 25 
yw. is assured by a set of prisms of F-1 glass, LiF, NaCl and KBr. 

The spectrum is recorded by a pen on a paper chart, the rate of advance of 
which can be varied from 0.4 to 100 mm/min. Thus, the spectrum can be recorded 


Fig.1. IKS-14 spectrophotometer. 
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at rates from 0.01 to 1.5 pe 
The instrument operates on the null principle. 


(a Silit rod) is divided and directed into two channels. 


Radiation from the source 


The cell with the 


test substance is mounted in one channel, while a photometric wedge (weakener) 


and reference cell are mounted in the other channel. 


The beams from the two 


channels alternately (9 cps frequency) enter the monochromator and then fall on 


the bolometer. 


The bolometer is connected into a bridge circuit supplied with 


~ 2500 cps alternating current; the modulated signal is first amplified at the 
carrier frequency, and then, after synchronous detection, at a frequency of 9 cps.. 
The synchronous mechanical rectifier is connected at the output of the latter 


amplifier. 


The rectified signal is converted into an alternating one with a fre- 


quency of 50 cps and controls the output stage of the equipment which is connect- 


ed to a RD-09 servomotor. 


This motor moves the pen an 


d actuates the photometric 


wedge, which serves to nullify the difference between the beam intensities. 
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Fig.2. Records made with LiF prism. Each record re- 

quired 4.7 minutes to cover the range shown: a) poly- 

styrene, 0.05 mm thick, slit width 0.06 mm, trace 

linear in}; b) ammonia, p = 200 mm Hg, 0.05 mm slit 
width, trace linear in}. 


The monochromator 
of the apparatus employs 
the autocollimation prin- 
ciple. An off-axis para- 
bolic mirror with f = 
= 270 mm serves as the 
collimator. The slit is 
opened or closed auto- 
matically by a cam, as- 
suring a constant radi- 
ant energy flux at the 
monochromator exit. The 
spectrum can be recorded 
in either a wavelength 
or a wave number scale. 
Appropriate cams are pro-: 
vided for each scale. 

The radiation detec= 
tor is a bismuth vacuum 
bolometer with a threshol: 
sensitivity of 2-5-10710 
w (at Af = 1 cps). 

The instrument is 
supplied with an assort- 
ment of liquid cells with 
thicknesses ranging from 
0.01 to 5 mm and a 125 mm 
cell for gases. 

A test of the appara 
tus showed that the re- 
producibility in record- 
ing spectra is + 1%; the 
calibration reproducibili 
ty at a scanning rate of 
one rotation of the mono- 
chromator drum per 4.7 mi 
is between 0.5 and 1.0 of 
one of the small division 
on the drum, which corre- 
sponds to 1.0 to 1.5 cm7 
with the NaCl prism. 


re 
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Fig.3. Record made with NaCl prism. Scanning time - 


8 minutes per interval. Ammonia, p = 70 mm Hg, l = 
= 176 mm; slit widths: a) 0.075 mm, and b) 0.012 mn. 


The amount of scat- 
tered light amounts to 
about 5% over the entire 
operating range when 
working with matte mir- 
rorst. 

The resolution of the 
spectrophotometer with 
the NaCl prism is 3-4 
cm~l in the 950 cm-l re- 
gion at a recording rate 
of 0.16 u/min. 

Records of the absorp- 
tion spectra of polysty- 
rene and ammonia made 
with the LiF prism are 
reproduced in Fig.2. 

2. The IKS-12 infra- 
red spectrometer is a 


modernization of the 


IKS-11 apparatus? and 
has been in batch pro- 
duction since 1957. 

A Silit rod is used 
as the source; this is 
superior to the Nernst 
glower as regards ser- 
vice life and does not 
require preheating. 

Amplification is pro- 
vided by a two-stage 
FEOU-18 photoelectro- 
optical amplifier (sensi- 
tivity 0.6-1.0°1079 w/mm; 
linearity + 1%). The 
spectra are recorded by 
an EPP-09 electronic re- 
cording voltmeter. The 
overall sensitivity of 
the detecting-amplifying 
circuit is 4-10-19 w/mn. 

The illuminator, mono- 
chromator and cell sec- 
tion are of airtight de- 
sign, so that the entire 
apparatus can be purged 
with dry air or nitrogen 
to eliminate the absorp- 
tion bands due to atmos- 
pheric moisture and car- 
bon dioxide. 


To increase the resolving power of the instrument, additional scanning 
‘speeds have been provided in the new model; these correspond to 30 and 15 min 
per rotation of the monochromator drum. To minimize light scattering, inter- 
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changeable matte mirrors are used in the illuminator, and an LiF plate is cup love 
ed as the temperature compensator mirror when using the KBr prism. “ee : 
A test of the IKS-12 spectrometer showed that the reproducibility 0 rece 
mission measurements is + 0.5%. The amount of light scattered when be 
matte mirrors does not exceed 4%. The resolution of the spectrometer with re 
NaCl prism is 1.4 cm~! in the 800 cm71 region (Fig.3). The residual absorp ee 
due to atmospheric moisture and carbon dioxide (when the apparatus was dried am 
the circulation procedure using caustic soda and activated alumina as the absorb- 


ers) did not exceed 5-6%. 
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INFRARED VACUUM SPECTROMETER FOR INDUSTRIAL CONTROL AND DETERMINATION OF OIL 
IN PETROLEUM PRODUCTS BY ABSORPTION SPECTROMETRY 
- A.F.Mal'nev & G. A. Puchkovskaya 


We developed a vacuum infrared spectrometer - designated VIKS-4 - for ana- 
lytic work with reference to absorption spectra. The apparatus consists of a 
Littrow mounting monochromator and measuring equipment. 

The optical system of the spectrometer is illustrated in Fig.l. Infrared 
radiation from the source is interrupted at a frequency of 20 cps and, after 
passing through the test substance, falls on the entrance slit of the mono- 
chromator. A nickel bolometer! is used to detect the radiation. The bolometer 
output signal is amplified by a transformer and amplifier and then applied to 
the indicator. Virtually no zero drift was observed despite the fact that the 
equipment was tested under very unfavorable temperature conditions. 

The instrument employs spherical mirrors. The monochromator is located in- 
side a metal cylinder with 10 mm thick walls. The preamplifier is suspended in 
a shock-absorber mount under the optical bench of the monochromator. The metal 
cylinder serves simultaneously to maintain a constant pressure inside the mono- 
chromator and to protect the preamplifier and transformer against electric inter- 
ference. The design of the equipment allows of locating the bolometer at a dis- 
tance of 5-6 cm from the preamplifier which significantly reduced stray induction 

The prisms are positioned and the slits are opened or closed by means of 
cams set on the axis of the graduated circle. There is virtually no backlash or 
lost motion. A general view of the equipment is shown in Fig.2. 

A procedure was developed for determining the oil content of petroleum pro- 
ducts by means of the described equipment; this procedure effected a significant 
reduction in the time required for analysis. The procedure is based on measur- 
ing the relative absorption of the test substance in the 7.3 region. This 


band corresponds to symmetrical deformation vibrations of the methyl group, 
CH3. 
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Fig.l. Optical system of the spectrometer; 1) source, 2, 4 & 9) spherical mir- 
rors, 3) entrance slit, 5) prism, 6 & 7) plane mirrors, 8) exit slit, 10) bolo- 
meter. 


The percent content of 
oil in petroleum products 
was determined from a work- 
ing curve plotted on the basis 
of measurements of the rela- 
tive absorption in the 7.3 
region of petroleum products 
containing known oil concen- 
trations. The absorption by 
the samples was measured with 
reference to a standard fil- 
trate containing 97% oil. 
Cells with rock salt windows 
were used in this work. The 
Fig.2. Spectrometer and optical bench: 1) source, + 0.5% accuracy attained with 
»2) modulator, 3, 12 & 14) spherical mirrors, 4) the procedure is adequate for 
cells, 5) graduated circle, 6 & 9) plane mirrors, interdepartmental control of 
7) exit slit, 8) entrance slit, 10) prism, 11) petroleum products. The equip- 
bolometer, 13) terminal panel. ment was constructed in the 
laboratory of a petroleum 
plant in the Western Ukraine. 
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MEASURING ATTACHMENT FOR INFRARED SPECTROMETERS 
- A.F.Mal'nev, M. P.Esel'son & L.S.Kremenchugskii 


There has been a growing tendency to use infrared spectrometers in chemical 
ol of technologi- 


and petroleum plants for automating periodic or continuous contr 
cal processes and also for research work in plant laboratories. Detecting and 
measuring devices used in conjunction with infrared spectrometers must meet ex- 
acting requirements as regards reliability, stability of operation and compact- 
sae tre measuring device developed by us consists of a bolometer bridge, a pre- 
amplifier, a main amplifier with a synchronous detector, a generator-modulator 
with a phase shifter and a power supply unit. 

Radiation from the source l (see figure), is 
interrupted at a frequency of 20 cps by the modu- 
lator 2 and, after passing through the monochroma- 
tor 3, falls on the detector 4, which is a nickel 
bolometer developed in the Physical Institute of 
the Ukrainian Academy of Sciences./ The bolometer 
forms part of a balanced disparate arm bridge. The: 
bridge arm ratios are such that the transfer con- 
stant is 0.75. The primary of a step-up trans- 

Block diagram of the former (kty = 1000) is connected into the bridge 

measuring attachment. diagonal; the transformer is tuned to the 20 cps 

modulation frequency and has a 2 cps passband. 
The preamplifier 5 employs a ‘floating grid” circuit? and is enclosed in an in- 
ner copper and outer Permalloy housing, which can be located either inside the 
spectrometer or outside it. 

The main amplifier unit consists of a resistor-coupled amplifier 6, a syn- 
chronous detector 7, a phase shifter 10 and a generator-modulator 11. The radi- 
ation from the source is interrupted by a vibration modulator* 2 assembled about 
an RP-4 relay which is supplied from the generator-modulator. A reference volt- 
age taken off the same generator is supplied to the synchronous detector through 
the variable phase shifter 10, which provides the necessary phase relation be- 
tween the bolometer signal and the reference voltage. By varying the time con- 
stant of the filter at the detector output one can provide the necessary pass~ 
band for the entire measuring device. The output signal can be recorded either 
by means of the automatic recorder 9 or viewed on the screen of the oscillograph 
8. 


After a half-hour warm up, the amplification factor of the system does not 
vary more than 0.5% during the period of a full working day, while the zero drift 
is virtually nil. 

The developed measuring attachment has been used for research work in con- 
junction with a VIKS-M3 spectrometer and for periodic technological control in 
conjunction with a VIKS-M4 spectrometer. (Both these spectrometers were develop- 
ed in the Physical Institute of the Ukrainian SSR Academy of Sciences.) 

Use of the VIKS-M4 vacuum infrared spectrometer as the dispersing component 
made it possible to solve the problem of determining oil in ees: and that 


of determining the concentration of ethylene in mixtures of methane, ethane and 
ethylene. 4 


*Developed in collaboration with S,. Z.Shul'ga. 
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NEW EQUIPMENT AND PROCEDURES FOR STUDY OF THE SPECTRA OF REFLECTION 
FROM THE EARTH'S SURFACE 
- K.S.Lyalikov, I.N.Belonogova, K.E.Meleshko, I.V.Semenchenko and 
A.P.Kharchenko 


Development of spectrozonal aerophotography and other advances in this 
field have made it essential to develop convenient equipment and procedures for 
investigation of the spectral brightness of ground objects. In addition to the 
use of procedures of visual and photographic spectrophotometry, there were de- 
veloped in the Aeromethods Laboratory of the USSR Academy of Sciences two types 

of photoelectric instruments. For ground investigations, A.P.Kharchenko built 
a photoelectric spectrophotometer which is intended for use under field condi- 
tions. Field tests in 1958 showed that this instrument yields reliable measure- 
ments of the spectral brightness in the wavelength range from 400 to 1000 mu. 
For investigation of spectral brightness from aircraft Meleshko & Semenchenko 
_ built a single-beam photoelectric high-speed spectrophotometer with recording 
¢ by means of a cathode-ray tube. It allows of recording the spectral brightness 
curve in the range from 450 to 900 mui for the reflection of ground objects from 
an aircraft within an interval of 1072 sec. Flight tests in 1958 showed that 
the instrument operates reliably both in airplanes and helicopters. The fact 
that a large number of spectral brightness curves were recorded in a very short 
period made it necessary to develop a special statistical procedure for proces- 
| ging the results. In 1958 the instrument was used for obtaining the spectral 
characteristics of a number of ground objects in the southern region of the 
European part of the USSR. 
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ON THE FEASIBILITY OF MOLECULAR SPECTROSCOPIC ANALYSIS OF VAPORS 
IN A WIDE TEMPERATURE RANGE 
- A.V. Suvurov, S.A.Shukarev & G. I. Novikov 


In order to study the equilibrium of complex systems over a wide temperature 
range, it is necessary to have an adequately simple and reliable method for deter- 
mining the fractional composition of the gaseous phase. One feasible method is 
spectrum analysis in the visible or near ultraviolet regions. The use of intra- 
red spectra for analytical purposes is complicated by the strong influence of 
temperature. On the other hand, the energy of the quanta in the ultraviolet re- 
gion is so high that they can produce undesirable photochemical reactions in the 
system under study. 

The spectroscopic technique by itself is insufficient for the study of equi- 
libria in complex systems, since, in addition to determining the partial pressures 
of the individual components, it is essential to know the total pressure in the 
system. Any static pressure gage Can be used for this purpose, but it is most 
convenient to employ a diaphragm null-manometer, which can readily be combined 
with the optical cell into a single unit. 

Use of the Lambert-Beer law for absorption analysis in the case of vapors 
is made difficult by the effect of temperature, on the one hand, and the effect 
of pressure, on the other. Actually, the influence of pressure becomes signifi- 
cant effect only when studying narrow well-resolved bands; in working with vapors) 
of comparatively complex inorganic compounds of the FeCl3 or WClg type, charac- 
terized by continuous absorption spectra, changing the total pressure from 10-15 
mm Hg to 1-2 atm has virtually no noticeable effect on the measured absorption. 

A change in temperature, on the other hand, has a much greater effect on the: 
absorption. However, the quantitative temperature dependence of the absorption 
of vapors has not been determined until now. 

We made the attempt to evaluate this dependence empirically, making use of 
an apparatus in which the optical cell was combined with a diaphragm null-mano- 
meter; thus we were able to determine poth the optical density of the vapor and 
the total pressure in the system. 

D It was shown for unsaturated iodine 

4d vapor, that the optical density at the 
long wavelength edge of the absorption 
band increases linearly with temperature 
(Figs.1 and 2).1 Since the concentration 
remains constant, we have essentially an 
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Fig.1. Variation in the absorption of iodine vapor at different temperatures. 
Fig.2. Variation in the optical density of iodine vapor with tempera- 
ture (schematic). 
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Fig.3. Variation in pressure 
and optical density in the 
N204-NOp-NO-0,5 system with 
temperature. 
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Fig.4. Variation in pressure 
and optical density in the 
WOC14-WC1,-W02C1lo system 
(schematic). 
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increase of the absorption coefficient; specifical- 
ly, a very simple dependence is obtained, namely, 


a Grp nel 


where x, is a temperature-independent quantity. 

The N204-N0,-NO-05 system, which has been de- 
scribed in detail in the literaturel, was studied 
to confirm the above dependence. We concurrently 
measured the optical density at one of the minima 
between the absorption bands and the total pressure 
over the 18 to 480°C temperature range. 

Three temperature regions can be distinguished 
in the system under consideration (Fig.3): I) 18 to 
100°C, characterized by N90, = 2NOp equilibrium, II) 
100 to 200°C, the region of existence of pure NOo; 
and III) 200 to 480°C, the range of 2NO5 = 2NO + 02 
equilibriun. 

Since the only colored compound in the nitrogen 
oxides system is NO», knowing the pressure and op- 
tical density in the 100-200°C range, it is easy 
to find the NOg absorption coefficient. Moreover, 
knowing the total pressure at other temperatures, 
we can compute the amount of NO» in equilibrium 
with No904 or NO, as the case may be, and, conse- 
quently, find the NO»o absorption coefficient over 
the entire temperature range from 18 to 480°C. 

Since it is easier to use the concept of pres- 
sure, rather than concentration, in working with 
gases and vapors,we can rewrite the Lambert-Beer law 
for the case of ideal gases in the form: 


d 
D, = Kip FFs 


and, since we assume that K,=x,7, we obtain 


Dy R 


d 
D, = “PR or, = 5 Fi . 


Our experiments showed that the magnitude of x, remains constant, within the 
limits of the experimental error, over the entire temperature and pressure ranges; 
specifically, we found ~«;.,, = 0.0194 + 0.0002. 

It is apparent that the K =~/' relationship is not rigorous; actually, the 
right-hand quantity is the first term in an expansion of some complex function; 
nevertheless, the relationship can be used for practical purposes. 

At the present time, we are studying a number of complex gaseous systems by 


the optical-tensiometric method. These are WClg-WCl5-Clg, WOC1,4-W0oC15-WClg-Clo, 


The process 2(WOC1 4) gas = (W0oClo) pag + (WClg),,, is of particular interest. 
Having measured the absorption coefficients of the WOCl, and WClg vapors 
(WOoCl, is colorless), it is easy to find the fractional composition of the sys- 
tem and the thermodynamic characteristics of the process (Fig.4); this cannot be 
done solely on the basis of pressure data, since this process takes place without 
ange. 
ee eens dior} it should be emphasized that the data we obtained on the 
temperature dependence of absorption coefficients is completely empirical. Theo- 
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retical interpretation of these data could be very important for further develop~ 


ment of spectrum analysis of vapors. 


Chemical Faculty, 
"a A. Zhdanov' Leningrad State University 


References 


1. S.A.Shchukarev, G.I.Novikov & A.V. Suvorov, zhur.Neorgan.Khim. (J. Inorgan- 
ic Chem.), 1, 2433 (1956). 


ABSORPTION SPECTRA OF INDAN SERIES HYDROCARBONS IN THE NEAR ULTRAV IOLET 
- M.M.Kusakov & M.V.Shishkina 


Indan and its methylated homologs have recently been found in a number of 
fractions from different petroleum crudes on the basis of the infrared absorption 
and Raman spectra.1-3 Electronic absorption spectra can also be used for identi- 
fying indan hydrocarbons in petroleum fractions; however, the electronic spectra 
are known only for a few methyl- and dimethylindans#. 

In connection with the need to obtain a more complete characterization of 
indan homologs that might be present in both the gasoline-ligroin and kerosene 
fractions, a program for synthesizing hydrocarbons of the indan series contain- 
ing one, two or three substituents of different structure was undertaken at the 
Laboratory for Petroleum Chemistry of the Institute for Petrochemical Synthesis 
at the Academy of Sciences of the USSR5,6. 

The absorption spectra of isooctane solutions of indan and fourteen of its 
derivatives were measured on a photoelectric spectrophotometer. 

The spectrum recorded for indan was virtually identical with the indan spec- 
trum given by Friedel & Archin’, The spectra of the indan derivatives are not 
described in the literature. 

The absorption spectra of ethyl-, isopropyl-, isobutyl-, tertiary butyl-, 
isoamyl-, and 2-ethylhexylindan are similar. The absorption band peaks are lo- 
cated at the same wavelengths: 2765, 2710, 2680 and 2630 A. This indicates that 
all the enumerated indans have the same type of substitution and that the charac- 
ter of the spectrum, as in the case of alkylbenzenes, hardly depends on the struc- 
ture of the substituent, provided this is aatiwetedee 

It is known from the conditions of synthesis that the substituent group is 
located in the benzene ring. It was established by comparing the spectra of the 
monoalkylindans with the corresponding spectra of methylindans4, that the sub- 
stituent group occupies the 5 position. 

The absorption spectrum of cyclopentylindan is shifted somewhat (10-15 A) to 
the longer wavelength side as compared to the spectrum of 5-alkylindans; however 
this shift is caused by the naphthenic nature of this substituent2. Genaeddentan 
ly, there is reason to believe that the cyclopentyl group is also located at the 
5 position in this compound. 

The spectra of 2-hexylindan and isobutylindan are different in character 
from the spectra of the preceding compounds, and they almost coincide with the 
spectrum of l-methylindan (absorption peaks at 2735, 2665, 2605 and 2545 A). 


Thus, the side chain of these alkylindans is located at i 
membered ring. position 1 in the five- 
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; We also obtained the spectra of disubstituted indans containing ethyl, iso- 
propyl and isobutyl groups in the benzene ring. The relative intensities and 
positions of the absorption peaks are nearly the same in the spectra of these 

_ hydrocarbons; this indicates that their structures are similar. Since there are 
no spectra available for the corresponding dimethylindans, it is not possible to 
establish the substitution position. It is most probable that the substituents 
in these compounds are located at the 5,7 or 4,6 atoms in the indan molecule. 

Of the trisubstituted indans, we studied the absorption of tri-isopropyl- 
and tricyclohexylindan. The absorption spectra of these indan derivatives agree 
completely; the wavelength of the absorption band peak in both spectra is the 
same (2700 A); moreover, the spectra are similar in character to the spectra of 
penta-substituted benzenes. In view of this, we infer that all three of the sub- 
stituent groups are located in the benzene ring. 

Thus, our study of fourteen indan homologs containing one, two, or three 
substituent groups showed that the distribution of intensity in the absorption 
bands does not depend on the structure of the substituent groups but is determin- 
ed only by their number and position in the indan molecule, Hence we can estab- 
lish the general molecular structure (number and position of substituents) of 
indan hydrocarbons on the basis of the know spectra of the simpler homologs. 

Investigation of the absorption spectra of individual indan hydrocarbons al- 
so allows of evaluating the possibility of finding indan hydrocarbons in aromatic 
petroleum fractions by means of ultraviolet spectroscopy. 
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INVESTIGATION OF RADIOLYSIS OF ALKANES BY ULTRAVIOLET AND INFRARED SPECTROSCOPY 
- I, Ya.Kachkurova, L.S.Polak, A.V.Topchiev & N. Ya. Chernyak 


Radiolysis of alkanes involves rupture of the C-C and C-H bonds; in the case 
of irradiation in the gaseous phase, there form hydrogen (80-95%) and different 
hydrocarbon gases (CH4, CoHg, etc.). The splitting off of atomic hydrogen leads 
to the formation of C,Hon41 type radicals, which then enter into further reac- 
tions; the splitting off of an Hg molecule leads to formation of olefins, and the 
splitting off of 2Hg leads to formation of dienes and polyenes, which then active- 
ly polymerize. 

In view of the difficulties of chemical determination of the liquid radioly- 
sis products, the content of which does not exceed 0.1-1.0% in irradiated alkanes, 
the only practical procedure for investigating them proved to be absorption spec- 
troscopy. 

We chose heptane and a number of other normal hydrocarbons for our study. 
The samples were irradiated with co60 y-rays in evacuated, outgassed and sealed 
tubes; after irradiation the tubes were opened and the gaseous and liquid phases 
analyzed separately. The absorption spectra were measured in the Optical Labora- 
tories of the INEOS: the ultraviolet spectra on a "spectrovizor' (a spectro- 
photometer with automatic recording by an SF-4 unit) and the infrared spectra on 
a VIKS-11 spectrometer with automatic recording. Examination of the absorption 
spectra of the liquid phase radiolysis products in the 25 000-45 000 cm™~ region 
enabled us to detect the presence of conjugated systems, while the IR spectra 
(700-2000 cm-l region) served to establish the structure of the compounds ob- 
tained as a result of radiolysis. 

The UV spectra of the irradiated normal hydrocarbons are presented in Fig. 

1. Absorption in this region can be attributed only to diene and polyene sys~ 
tems. It is characteristic that the spectra of irradiated hexane, heptane and 
octane are similar in the 35-40°102 cm71 region, while the absorption increases 
significantly in the spectra of alkanes having longer chains. 

The variation of the absorp-: 
tion in the 38-44-1093 cm-! region: 
with the hydrocarbon chain length: 
is shown in Fig.2,a. This absorp 
tion increases linearly over the 
range from Cg to Cj9, which indi-: 
cates increasing probability for 
splitting off of a hydrogen mole- 
cule as the number of -CHp- group 
increases. 

The UV absorption intensity 
of the irradiated hydrocarbons in 
creases linearly with the radia- 


Fig.1. UV absorption spectra of irradiated tion dose (checked for doses up | 
hydrocarbons: 1) hexane, dose 34-108 r, di- to ~150-106 r on heptane, see "a 
lution 1:2 (with iso-octane); 2) heptane, Fig.2,b); consequently che numn= 
99-106 r, 1:10; 3) octane, 40°108 r, 1:5; ber of ‘double*bonds tonmedseaname 
4) SO CEE) 40-10° r, 1:10; 5) cetane, rectly proportional to the radia- 
40°10° r, 1:15. The thickness d of the ab- tion dose. As is to be expected, 


sorbing layer was 0.5 cm. the plot passes through the ori- 


gin for zero radiation dose. 
The general character of the UV spectra does not change as the temperature 
at which the alkanes are irradiated is reduced; however, the overall absorption 
intensity increases with decreasing temperature (Fig. 3). 
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Fig.2. a - Variation of the absorption 
intensity with the molecular composi- 
tion of irradiated hydrocarbons (E49099 
is the absorption intensity at 42000 cm-l; 
Sj; is the area bounded by the absorption 
curve, the ordinates at 38000 and 44000 
em71, and the horizontal axis, which was 
taken as the zero line for the non-ir- 
radiated alkane). b - Variation of the 


i ape ahi 
absorption of heptane with the radia- : a3 sarge 


tion dose. 


Fig.3. UV absorption spectrum for cetane irradiated at dif- 
ferent temperatures (radiation dose = 1-107 r). 


Although cetane is solid at 0°C (its solidification temperature is 16°) , 
its absorption hardly varies as compared with that of the products of its radioly- 
sis in the liquid phase at 24°C. The absorption in the 40 000-45 000 cem7! re- 
gion, however, increases fourfold for irradiation temperatures of -80° and -200° 
as compared with the absorption for room temperature, while the corresponding 
absorption increase in the 30-40-103 em71 region is 40%; i.e., absorption by 
polyenes increases more slowly than does that of dienes. The absorption is 
practically constant over the irradiation temperature range from -80° to -200°. 
As was shown by experiments on a number of hydrocarbons, this is due to the fact 
that a temperature some 60-70° below the solidification point is sufficiently low 
for the probability for internal rearrangements of the radiation excited mole- 
cules to form dienes to be significantly increased as compared to the probability 
for scattering of the excitation energy (by collisions, etc.). Consequently, 
further reduction of temperature (i.e., down to -200°) does not noticeably en- 
hance the irradiation effects. 

The heptadiene we synthesized absorbed in the same region as irradiated hep- 
‘tane, and its properties agreed with those of the corresponding fraction of the 
radiolysis products; this fully substantiates our interpretation of the UV spec- 
tra of irradiated heptane. Having determined the absorption coefficient of hepta- 
diene (26 000 at 44 000 cm-l), we were able to calculate from the spectra the 
molar concentration of the dienes formed during y-irradiation of heptane; this 
was found to be 3.5+104 gram moles per liter (for a radiation dose of ~108 r). 

As regards the IR spectra, we note that a band appears at 965-970 cm-l in 
the spectrum of irradiated heptane; this corresponds to non-planar stretching 
vibrations of the =CH- group associated with the trans di-substituted double bond. 
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THE AROMATIC PORTION OF THE KEROSENE-GAS OIL FRACTION OF DOLINSK 
UM BY OBSERVATION OF THE ULTRAVIOLET ABSORPTION SPECTRA 
- V.T.Sklyar & A.P. Lizogub 


INVESTIGATION OF 
PETROLE 


The aromatic hydrocarbons extracted from Dolinsk petroleum (Western Ukraine) 
were distilled into narrow fractions. In most cases, the boiling point range of 
the fraction did not exceed 2-5°, and the range of the index of refraction was 
from 0.001 to 0.01 (see Fig.1). 

The ultraviolet absorption spectra of the fractions dissolved in isooctane 
were first photographed by means of an ISP-22 spectrograph. Fractions in whose 
spectra the positions of the peaks were different, were then photometered on an 
SF-4 spectrophotometer. As a result, curves were plotted in which the optical 
density E of a one percent solution in a 1 cm thick layer was taken as the ordin- 
ate unit. 

The spectrograms of fractions containing benzene homologs were deciphered 
by the method developed by Topchiev, Kusakov et al2»3, to which the position of 
the absorption peaks remains unchanged in the spectra of alkylbenzenes with sub- 
stitution of a given type‘. 

The spectra of 124 fractions containing monocyclic aromatic hydrocarbons 
were studied. Several spectra are presented in Fig.2 (also see table). 

It was found that all the fractions, regardless of their physical-chemical 
characteristics contain the following hydrocarbon groups: monoalkylbenzenes 
(evinced by the humps at 256 and 260 mi), para- and meta-disubstituted benzenes 
(peaks at 265 and 273 mi), trialkylbenzenes, especially the 1,2,3- and 1L,3,0= 
types, (shoulders or peaks at 262 and 268 mu), and tetraalkylbenzenes having all 
three types of substitution (shoulder or peak at 277.5 mi). 

Examination of the Raman spectra of the two fractions containing monocyclic 
aromatic hydrocarbons boiling over the 200-225° and 225-250° ranges, showed the 
presence therein of monoalkylbenzenes, 1,3- and 1,4-dialkylbenzenes, 1,2,4- and 
1,3,5-trialkylbenzenes, and 1,2,3,5-tetraalkylbenzenes; this generally agrees 
with the data based on the ultraviolet absorption spectra. 

The fractions containing condensed aromatic hydrocarbons were also subjected 
to detailed study. More than two hundred narrow fractions containing condensed 


Characteristics of fractions separated from Dolinsk crude 
and subjected to UV spectroanalysis 


a EE 


Frac—| Aci f 
nee pos Lee n> os Boiling ni 
No. | range, °C No. range, CC 
1 41,4703 14 194-195 4,479 
? ene ’ . 5 
2 200-+-225 4.5052 15 200-204 4.4772 
3 15107 16 203-+204 41,4719 
4 Been { 1.5092 17 900-225 4.5640* 
5 15203 18 925-+250 4.5984 
6 Veena | 1.5130 19 259-261 4.5797 
7 f ma 4.5160 20 977-279 4.5765 
é 275-+-300 1.5190 21 277-280 45980 
e \! Wane Boe 4.5081 22 303-309 14,5961 
19 ; 1/5103 23 391 +328 15680 
M1 | \ Seer { TASK, 24 341-349 4.6068 
ey ier 15262 25 341 +348 1.6057 
a 1.5205 26 365--370 16276 
* At 80°. 
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Crude 


petroleum 


Distillation of the gasoline fraction 
from the initial boiling point to 200° 


Distillation of the kerosene-gas 
OME eLraction:j rom 200°).t0..975° 
Kerosene-gas Residue botling 
OulerTact1ion above 375° 
Precise fractionation 
into 25° fractions 


Chromatographic separation of each of the 25° fractions 


Paraffin~cycl 
paraffin Rae 
carbons,np<1.47 


Aromatic 
hydrocarbons, 


1,.47<np<1.53 


Aromatic 


hydrocarbons, 
Np>1. 53 


Chromatographic separation into narrow fractions 


Narrow fractions of 
enzene homologs, 


Narrow fractions of 
aromatics having 
condensed rings, 


An pn=0.001-0. 00 
4 D Anp=0.001-0.01 


Group-structural analysis 
by the p-d-M-method 


Spectrum analysis in the UV region 


Combination of fractions having close np 


and subsequent precise fractionation 


Narrow fractions of 
aromatics having 
condensed rings, 


Ath, = 2-5 
Spectrum analysis in the UV region 


‘Fig.l. Program of investigation of the aromatic hydrocarbons from Dolinsk crude. 


Narrow fractions of 
benzene homologs, 
Atos = 2-3 


RABIN hates 


- 1250 - 


0 0. 
245 255. 265 15) 285 Ail 275 285 A, ML 


Fig.2. Absorption spectra of petroleum fractions. The numbers at the curves 
identify the fractions as listed in the table. 


aromatic hydrocarbons were obtained from the kerasene-gas oil fraction of the 
petroleum by means of repeated precise vacuum fractionation and chromatographic 
separation. 

A study of the absorption spectra of these fractions in the near ultraviolet 
region showed that in most cases there are evident exceptionally well-defined ab- 
sorption bands characteristic of definite structures of condensed aromatic hydro- 
carbons or their mixtures. 

Fig.3 shows the presence of naphthalene and its homologs (curves 17-23), 
phenanthrene (curves 24-25), and dimethylphenanthrene (curve 26). Among the 
homologs of naphthalene we detected: Q- and B-alkylnaphthalenes; 1,2-, 1,3-, 


D 
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Fig.3. Absorption spectra of petroleum fractions. The arabic figures at the 
solid curves identify the fractions as listed in the table. The dashed curves 
represent I) the absorption spectrum of 1,3,5-trimethylnaphthalene, II) spectrum 
of 2,3-dimethylphenanthrene, and III) spectrum of phenanthrene after Friedel & 
Orchin®. 

1,5- and 1,7-dialkylnaphthalenes; and 1,3,5-, 1,4,6—- and 1,2,5-trialkylnaphtha- 
lenes. It is possible that 1,2,3,4-, 1,4,6,7- and 2,3,6,7- tetrasubstituted 
naphthalenes were also present in some fractions. 

An attempt was also made to determine the naphthalene content of the petro- 


-leum by means of the absorption spectra of the fractions containing naphthalene 


. 


(these fractions were commonly separated in the crystalline state). For this 
purpose, the value of E was found for the absorption peak at 311 mu, both for 
pure naphthalene as well as for the fractions under study. The naphthalene con- 
tents of the latter were then calculated using the familiar formula, It was 
found that the naphthalene content of Dolinsk petroleum amounts to 0.04%. 
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APPLICATIONS OF MOLECULAR SPECTROSCOPY IN BACTERIOLOGY AND IMMUNOLOGY 


- V.M.Vadimov 


Ultraviolet absorption spectra of anatoxins 


500 


260 


220 300 


260 


220 
Ame 
Fig.l. Purified diphtheria ana- 
toxin series 128B 142AE. Ab- 
sorption curves in the ultra- 
violet; O - unseparated prepa- 
ration, 1-5 - individual frac- 
tions separated according to 
the luminescence zones after 
electrophoresis on paper. 
Dashed lines - nonirradiated 
anatoxin; solid lines - y- 
irradiated anatoxin. 


The present work was undertaken in connec- 
tion with investigation of the possibility of 
utilizing y-radiation for "cold" sterilization 
of bacterial preparations.1 We were specifical- 
ly interested in the physical-chemical changes 
that may occur as a result of irradiation of 
diphtheria anatoxin with heavy doses of y-rays. 

Even under normal conditions there may be 
variations in the quality of anatoxin obtained 
from B. diphtheriae. Biological and biochem- 
ical methods of evaluating anatoxins are not 
satisfactory. The method of electrophoresis on 
paper with subsequent staining” is also inade- 
quate. 

Preliminary measurements on an SF-4 spectro: 
photometer of two samples of diphtheria anatoxin! 
one of which was y-irradiated and the other the 
control, showed that their absorption curves 
differ little from each other (Fig.1). Hence 
to bring out the finer physical-chemical changes: 
induced by irradiation, we had recourse to the 
procedure of preliminary electrophoresis on 
paper with subsequent analysis of the eluates 
from the different fractions by investigating 
their absorption spectra without staining the 
electrophoregrams, the different luminescing 
zones in which can readily be distinguished if 
an acetate buffer is employed. 

The diphtheria anatoxin samples were ex- 
posed to a 1 500 000 r dose of y-radiation, 
fractioned on a strip of filter paper and then 
dried at 20°. The paper strip after examination 
in filtered ultraviolet was cut along the bound-: 
aries of the luminescence zones. The contents 
of each zone were washed out with physiologic 
Saline solution and the UV absorption of the 
eluates was measured on an SF-4 spectrophoto- 
meter. It may be noted that the luminescence 
brightness of the anatoxin is higher after ir- 
radiation. 


Typical absorption curves of individual 


fractions (eluates from individual electrophoretic zones) before and after y- 


irradiation are shown in Fig.l. 


It is noteworthy that after fractioning in most 


cases there appears a peak at about 238 mi, which is not apparent in the spec- 


trum of the unfractioned material. 


It will also be evident from Fig.1 that the 


character of the absorption curves for the individual zones of the irradiated 
and nonirradiated anatoxin are somewhat different, although the location of the 


absorption peak at 238 mu is the same in both. 


Apparently, these differences 


are due to some physical-chemical changes occurring as a result of irradiation. 
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We also found that the absorption curves for different anatoxin series ex- 
hibit some differences depending on the specific preparation procedure and the 
degree of purification of the product; hence absorption spectra May prove to be 

useful for quality control. Further investigations to this end are under way. 


Investigation of the absorption spectra of decolorized stain 
after staining bacteria in suspension 
ES She a leeamncatl _ baked ed lsd adeatad “dich tele de 


474 480 490 A,mp 500 $20 540 A, mp 


é 
1500 


me 500 
500 


400 500 600 500 520 540 2, 
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Fig.2. Absorption spectra of dye remainders af- 
ter staining of bacteria in suspension. a: l - 
‘pure dye solution, 2 - 166-106 bacteria per ml 
3 - 330-106 per ml, 4 - 660-108 per ml, 5 - 109 
per ml; b: 1 - dye solution, 2 - live culture of 
,B.coli, 3 - heated vaccine, 4 - boiled vaccine; 
‘ce: 1 - dye solution, 2 - live bacteria, 3 - 50% 
live bacteria, 4 - bacteria killed with formalin, 
5 - bacteria killed by boiling; d: 1 - dye solu- 
tion, 2 - live bacteria, 3 - bacteria killed by 
y-rays. 


The character and intensi- 
ty of staining of many bacteria 
changes depending on their state 
and virulence.3 Direct spectro- 
metric measurements of the color- 
ing of bacteria in suspension are 
impossible owing to turbidity. 
Hence we turned to measuring the 
color and degree of bleaching of 
the dyes used for staining the 
bacteria. Specifically, we in- 
vestigated the change in the col- 
or of acridine orange after 
staining in suspension of cul- 
tures of B.coli in different 
states. The bacterial suspen- 
sions were prepared by washing 
off cultures from agar with 
physiologic saline solution; the 
suspensions were then diluted 
with an appropriate optical stan- 
dard and stained by adding a dye 
solution to the test tube con- 
taining the suspension, which 
was. then allowed to settle by 
standing or centrifuged. We then 
measured the absorption of the 
colored, partially bleached li- 
quid above the deposit on an 
SF-2 or SF-4 spectrophotometer. 

Fig.2,a shows how the color 
of the liquid (decolorization of 
the stain) varies depending on 
the number of stained dead coli 
bacteria. Changes in the inten- 
tensity of the stain remainder 
color in certain other cases are 
illustrated in Figs.2, b,c &d. 

Thus from the spectroscopic 
characteristics of the stain 
residue we can distinguish sus- 
pensions of live bacteria in 


physiologic solution from suspensions of dead bacteria. The absorption curves of 
the decolorized stain remainders may also serve as convenient characteristics of 
the morphological state of bacteria either partially or entirely killed or other- 


wise altered by different agents. 
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INVESTIGATION OF DIPHENYLCHROMIUM DERIVATIVES BY ELECTRON PARAMAGNETIC RESONANCE 
~ N.N.Bubnov, Yu.A.Sorokin, S.P.Solodovnikov & V.M.Chibrikin 


In earlier contributions!~3 it was noted that the electron paramagnetic reson-- 
ance (EPR) spectra of highly diluted solutions of diphenylchromium and its deri- 
vatives exhibit a distinct hyperfine structure associated with interaction of the: 
unpaired electron with the protons of the benzene rings directly linked with the 
metal (chromium) atom. It was found that introduction of a substituent into the 
benzene ring does not change the g factor (1.986 + 0.002) or the magnitude of the: 
hyperfine splitting (3.5 + 0.5 gauss), i.e., does not disturb the spin density 
distribution of the unpaired electron over the molecule. It was also found that 
the temperature of the solution and the nature of the solvent or substituent intr 
duced into the benzene ring influence the width of the hyperfine structure compo=- 
nents. 

Further studies were carried out with a view to elucidating the spin density 
distribution of the unpaired electron, the nature of the hyperfine splitting mech 
anism and the factors determining the width of the hyperfine structure components 
It was found that in the EPR spectrum of Cr-aromatic compounds, in addition to th 
earlier described!-3 splitting due to interaction with the magnetic moments at 
the benzene ring protons, there occurs additional splitting caused by interaction 
of the unpaired electron with the magnetic moment of the isotope cr53, The magni 
tude of the hyperfine splitting associated with the Cr°% atom is 19 gauss*, a val 
ue close to the splitting in chromium salts5,6, This gives reason to infer that 
the unpaired electron spin density is nonzero at the central metal atom and the 
benzene ring protons. 

We turned to the following procedure in order to evaluate the unpaired electrc 
spin density in the x-electron system of the ring. It is known’;8 that if the x 
system of an aromatic compound has a nonzero unpaired electron spin density, the 
hyperfine splitting of the EPR spectrum due to Q-protons in the aliphatic side 
chain will be approximately of the same order of magnitude as the splitting due 
to the aromatic ring protons. 

Hence we investigated the EPR spectrum of the diphenylchromium cation with 
cyclohexyl substituents in both rings. It was found that in this compound with 
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decreasing temperature there occurs add 
nent of the spectrum into a triplet. 

gauss and is due to interaction of th 
protons in the Q-position with respec 


Thus it may be assumed that for Cr-aromatic compound cations under certain con- 
ditions (specifically, in an acetone solution at about -909 and in an alcohol 
solution at about -30°) the unpaired electron spin density is nonzero in the x- 
System of the benzene rings. 

In investigating the influence of di 
fine components in the EPR spectrun, 
fluence of the substituent, we found 
as a rule, observed monotonic enhance 
i.e., decrease in the width of the hy 
ing temperature. 


In some solvents (for example, in alcohols) the temperature dependence of the 
spectrum resolution (component narrowing) is anomalous. This effect may be con- 
nected with the formation of complexes between the diphenylchromium cations and 
the solvent molecules, leading to anomalous variation in the width of the hyper- 
fine structure components. To determine the nature of these complexes it would 
be necessary to Carry out a more detailed investigation of the mechanisms re- 
sponsible for the variation in width of the hyperfine structure components. 


itional splitting of each hyperfine compo- 
This additional splitting amounts to 1 + 0.5 
e unpaired electron with the two cyclohexyl 

t to the benzene coe. : 


fferent factors on the width of the hyper- 
in addition to the previously described? in- 
that in highly diluted solutions there is, 
ment of the resolution of the EPR spectrun, 
perfine structure components, with decreas- 
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ONE AND LIVE LEAF 
ON PARAMAGNETIC RESONANCE SPECTRA OF EOSIN SEMIQUIN' 
am - N.N.Bubnov, V.F.Tsepalov & vV.Ya.Shlyapintoki 


The present research was undertaken for the purpose of clarifying the nature: 
of the intermediate products in photochemical reactions of eosin and chlorophyll. 
The reactions were carried out at room temperature directly in the electron para~: 
magnetic resonance (EPR) spectrometer cavity with high frequency modulation of 
the magnetic field.1 The experimental set-up has been described earlier“. 


Photoreduction of eosin 


In the case of eosin the photoreduction reaction consists of conversion of 
the dye to a leuco compound. The mechanism of this reaction was investigated by 
potentiometric and spectroscopic procedures? »4, and it was established that the 
reaction occurs in stages with the formation of an intermediate product. It was 
hypothesized that the relatively stable intermediate product is a free radical - 
eosin semiquinone. The lifetime of this intermediate product at room temperature: 
is several seconds. 

Upon illumination of the eosin (solvent - pyridine; reducing agent - ascor=- 
bic acid) in the EPR spectrometer cavity there immediately appears an EPR signal,, 
which is a triplet with hyperfine splitting AH = 4.6 = 0.2 gauss. The intensity 
ratios of the hyperfine structure components are 1:2:1. From analysis of the 
spectrum it may be inferred that the unpaired electron interacts with two protons 
located in equivalent positions relative to the free valence. The mechanism of 
the photochemical reaction is fully explained by Schenck's scheme, according to 
which absorption of a photon is followed by opening of the double bond of the 
quinoid oxygen. There then forms the biradical II, the structure of which ex- 
plains its ability to react with the reducing agent and the oxygen>. In the phot 
reduction reaction an H atom is added to the 0 atom in position 3. The unpaired 
electron of the C atom in position 9 interacts with the protons in positions 1 an 
8 which, as noted above, explains the EPR spectrum of semiquinone. Reaction with 
the protons of the d ring is not evinced in the EPR spectrum inasmuch as the plan 
of ring d is not aligned with the planes of rings a, b and c. 

As a result of the transformation of eosin to semiquinone, the absorption 
band in the optical spectrum is shifted to the side of shorter wavelengths. The 
shift can be explained by disappearance of the quinoid structure as a result of 
the photoreduction reaction. 
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EPR spectrum of live leaf 


In our work we obtained the EPR spectrum of live leaf for the first time. 
For the investigation we chose a leaf of agrophyrum repens. The EPR signal is a 
doublet with hyperfine splitting AH = 1.8 + 0.2 gauss. Exactly the same spectru 
was obtained in carrying out the reaction of photoreduction of chlorophyll in a 
model system. By way of solvent we used pyridine; by way of reducing agent, 
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ascorbic acid. The EPR Signal from the leaf and model system disappears within 
less than 1 sec after turning on the light. 


At present we are endeavoring to determine the nature of the detected free 
radicals. . 


Institute of Chemical Physics, 
Academy of Sciences of the USSR 
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DEVELOPMENT OF A HIGH SENSITIVITY EPR-2 IKhF TYPE MAGNETIC RADIOSPECTROGRAPH 
- A.G, Semenov 


A commercial model magnetic radiospectrograph designated EPR-2 has been de- 
veloped in the Institute of Chemical Physics of the USSR Academy of Sciences; the 
instrument is intended for investigation of chemical samples by electron paramag- 
metic resonance (EPR). In setting up the technical specifications for the radio- 
‘spectrograph, in addition to high sensitivity, there were incorporated particu- 
larly stringent requirements as regards stability and simplicity of operation. 

As a result of extensive experimental work it was established that a radio- 
spectrograph with hf modulation of the magnetic field, a pass-through cavity and 
automatic control of the klystron generator with reference to the working cavity 
‘should be capable of meeting the requirements set up for the instrument. 
| A block diagram of the EPR-2 radiospectrograph is shown in the accompanying 
figure. The EPR-2 employs dual modulation of the magnetic field. The low fre- 
quency modulation is produced by modulating coils set on the pole pieces of the 
electromagnet. The high frequency modulation is produced by the method suggested 
by Buckmaster & Sckovill, To this end the resonator cavity is partially slit so 
that the slot in its walls will not intersect the shf current lines at the walls. 
‘The hf current is brought directly to the resonator. Passing the slot, it pro- 
‘duces an hf magnetic field in the cavity. The EPR-2 utilizes a pass-through 
cylindrical cavity with an Hojj mode. 

The generator producing the hf modulation of the magnetic field has a maxi- 
mum power of the order of 100 w. The double amplitude of the hf magnetic field 
in the cavity equals approximately 12 oersted. The EPR signal is discriminated 
from the detected shf oscillations and amplified by a resonance amplifier tuned 
to a frequency of 975 kc. The maximum amplification factor is 5-109; the width 
of the passband is 104 cps. A synchronous detector employing germanium diodes 
is connected to the output of the hf amplifier. From the synchronous detector 
the EPR signal is applied to the vertical plates of an oscilloscope. When it is 
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desired to record the EPR sig- 
nal, a dc amplifier is coupled 
to the synchronous detector out- 
put through an RC network with 
a large time constant. In this 
case the low frequency modula- 
tion of the magnetic field is 
cut out and the current in the 
main windings of the electro- 
magnet is slowly varied by an 
electronic device which at the 
same time serves as the current 
regulator. 

The EPR-2 is equipped with 
an automatic frequency control 
(AFC) of the klystron generator 
with reference to the working 


Block diagram of the EPR-2 radiospectrograph. cavity2. The AFC system oper- 
1) AFC oscillator, f = 630 ke, 2) klystron ates as follows. A voltage of 
generator, = 3.2 cm, 3) ferrite decoupler, the order of 15 mv is applied 


4) variable attenuator, 5) cavity with sample, to the klystron reflector from 
6) phase-sensitive AFC detector, 7) AFC signal the AFC generator (630 kc). 
amplifier, f = 630 kc, 8) shf crystal detector, This voltage modulates the shf 


9) EPR signal amplifier, f = 975 kc, 10) hf oscillations generated by the 
generator, f = 975 ke, 11) synchronous detect- klystron. In case of detuning 
or, f = 975 kc, 12) de amplifier. of the klystron frequency rela- 


tive to that of the resonator 
cavity, there develops amplitude modulation of the shf oscillations incident on 
the shf detector, i.e., an AFC signal. The phase of the AFC signal depends on 
the sign of the detuning and its amplitude is proportional to the magnitude of 
the detuning. After detection of the shf oscillations the AFC signal is discri- 
minated and amplified by a resonance amplifier (630 kc) with an amplification 
factor of the order of 10° and applied to a phase-sensitive detector. From the 
phase-sensitive detector the signal is applied to the klystron reflector. Thus 
the klystron frequency is tuned to the resonance frequency of the working cavity.. 


Principal Characteristics of the EPR-2 Radiospectrograph 


Wavelength 3.2 cm 

Maximum sensitivity 5-10-12 mole diphenylpicryl 
hydrazyl (standard radical) 

Resolution 0.25 oersted 

Recording time on automatic recorder 0.5, 3 or 18 min 

Sample temperature range -196 to +200° 

Power supply 220 v line (50 cycle) 


The EPR-2 is insensitive to mechanical vibrations and variations in ambient 
temperature. 


Institute of Chemical Physics, 
Académy of Sciences of the USSR 
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, CORRELATION BETWEEN THE PROBABILITY OF TRANSITION OF COMPLEX ORGANIC MOLECULES 
TO THE METASTABLE STATE AND THE SPECTRAL COMPOSITION OF THE LUMINESCENCE* 
- V.V.Zelinskii, V.P.Kolobkov & I. I, Reznikova 


It was suggested in Ref.l1 that there is a correlation between the transition 
probability P to the metastable state and the frequency of the fluorescence band. 
This hypothesis can be tested by investigating the variation of the phosphores- 
cence yield Gph or the ratio of the phosphorescence and fluorescence yields 
Gph/df1 aS a function of the fluorescence peak frequency. In the absence of 
quenching on the metastable level, the variation of Gph/4¢1 (or Aph) VS Ving** 
characterizes the variation of the transition probability P.2 


In Ref.3 we gave the results of 
measurements of qph/q¢, at -196° for five 
phthalimide derivatives in 37 different 
media; the observed regularities are shown 
schematically in Fig.l. In the case of 
phthalimide derivatives Uph/4£1 in going 
from medium to medium gradually increases 
with increase of Vie. Most of the experi- 
mental points for the derivatives fit a 
common curve. Analysis of the variation 
of dph/df1 VS Vn¢ for the investigated 
phthalimide derivatives leads to the con- 
clusion that qphn/a¢] and, consequently, P 
do not depend to any significant extent 
on the chemical nature of the medium or 
on whether the medium is in the crystal- 
Fig.l. Graphs of variation (at -196°) line or glass-like state, but do depend 


of q n/ 41 vs V in 3-acetylamino-N- primarily on the position of the fluores- 
methylphthalimide (I) and 3,6-diacetyl- cence peak. 
_amino-N-methylphthalimide (II) and the So far we have investigated the vari- 
; variation of Gph/ 41 un VS Vy-¢ in 3- ation of dqph/d£1 with Vie for only a few 
_hydroxy-N-methylphthalimide (III). phthalimide derivatives. Such variation, 


: however, is not peculiar to these com- 

: pounds. In Fig.2 we have plotted the values of Gph/4£1 VS Vne for Q- and B-naph- 
thols and anthanilic acid. The values for the naphthols were determined in four 
different media and it will be seen that in this case higher values of the ratio 
obtain for higher y,-5. The values of Aph/ 441 in anthanilic acid were determined 
in 17 media and for this substance also most of the experimental points fit a 
single curve. The variation of V ng in this case is very appreciable - from 21 200 

to 25 900 em, while the corresponding variation of Uph/ £1 is relatively small 

-=- from 0.01 to 0.2 (not including exceptional points departing from the regulari- 
ty). Qualitative increase of dph/q¢1 with V,¢ is also observed for B-naphthyl- 

, amine, phenanthrene and fluorescein. Thus increase Of Gph/4¢1 With increase of 
Ying has been observed in the case of an unsubstituted hydrocarbon, in a number 
of amines, in hydroxy derivatives and in a dye; in other words, it is fairly com- 
mon regularity. The divergence of individual points from the common curve, which 
is particularly noticeable in the region of small Aph/4f1» may be attributed eith- 
er to radiationless deactivation of the metastable state (resulting in decrease 


*The present report was presented at the llth All-Union Conference on Theo- 
retical Spectroscopy (Moscow, 2-10 December 1957). 
KV of = Vinax fluor = the frequency of the fluorescence peak. 
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Fig.2. Variation of qpp)/d-, With Ving (at -196°) 
in anthanilic acid aie Q-naphthol (Ib) and 
B-naphthol (IIb). Media: 1) crystalline state, 
2) benzene, 3) water, 4) carbon tetrachloride, 
5) nitromethane, 6) n-octane, 7) pyridine, 8) 
m-xylene, 9) pseudocumene, 10) toluene (gl), 
11) xylene, 12) n-hexane, 13) propylformate 
(gl), 14) ethylalcohol (gl), 15) ethyl acetate, 
16) acetone, 17) anisole, 18) chloroform; (gl) 
denotes media forming a vitreous mass at 196". 


K;a¢° 10 Opn/ It 
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Fig.3. Schematic plots of the variation of 
qf] at 20° (a), Gpn/A¢1 at -196° (b) and k 
for quenching by aniline (c) with Vy +r in 
4-amino-N-methylphthalimide (I), 4-acetyl- 
amino-N-methylphthalimide (II) and 3-methyl- 
acetylamino-6-acetylamino-N-methylphthali- 
mide (III). 


molecules contain bromine atoms4 


(increase of dppn/af1)- The fact | 
that only a few points depart 
from the common regularity indi- 
cates that in most substances in 
almost all media at -196° there 
is virtually no radiationless de- 
activation of the metastable 
state or exceptional V,,,-independ- 
ent increase of P. 

There is another approach 
to investigating P. It was shown 
in Ref. 5 that fluorescence 
quenching of some compounds by 
jodine salt is due to increase of 
P. Hence one can investigate P 
by determining the influence of 
extraneous impurities. The re- 
sults of a quantitative study of 
the influence of iodine salts 
and aniline on the lifetime of 
the excited state of phthalimide 
derivatives have been given in 
Ref.6, in which we showed that 
the effectiveness k of triethyl- 
amine iodide and aniline increas- 
es as a rule with increase of VYpy¢- 
Plots of k vS Vy¢ show that the 
points characterizing the values 
of k for the same fluorescent sub- 
stance in different solvents fit 
straight or almost straight lines: 
(Fig.3). Thus the fact that P 
depends on the frequency of the 
fluorescence peak has been estab-> 
lished in two independent ways. 
Also confirmed is the hypothesis, 
advanced in Ref.1, that the de- 
crease of qf, at 20° with in- 
crease of V+ is due to increase 
of P. Consequently, determination 
of the variation of Gey with Vir 
can also serve as a method of in- 
vestigating pas 

Let us now compare the data 
on the transition probability to 
the metastable state obtained by 
three different methods. Compari 
son of the V,,,-dependences of qj 


fe) fe) . 
at 20°, dpn/de, at -196° and k at 20° (Fig.3) shows quantitative agreement. As 
the fluorescence peaks in different solventsshift to the shortwave side, the rati 


*Omitted here is a comparison of the relative advantages and disadvantages of 
the three methods of investigating P, included at this point in the original re- 


port presented at the llth Conference. 
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Apn/ a1 grows, k increases and Gf] decreases. Qualitative agreement between the 
three dependences is retained in going from one substance to another. For ex- 
ample, the curves for 3-methylacetylamino-6~acetylamino-N-methyl phthalimide in 
Fig.3 are shifted relative to the respective curves for 4-acetylamino-N-methyl- 
phthalimide, so that at the same position of the fluorescence peak in the first 
substance the values of Aph/ G51 and k are appreciably higher in the second, while 
the value of Gf, is lower. 

For the same Ymf the values of q h/ 4] determined directly at -196° are ap- 
preciably lower than the values evaluated on the basis of the Vinf-dependence of 
Gf, at 20°. For example, as follows from the Vnf-dependence of Q¢1 for 4-amino- 
N-methylphthalimide (Fig.3) in the absence of quenching at the metastable level, 
the value of Aph/ 441 corresponding to Vir = 22 000 cm7! should be at least 0.3. 
Actually, however, at -196° the substance exhibits no fluorescence at the indi- 
cated value of Vaf- The observed divergence might be explained by radiationless 
deactivation at the metastable level at -196°. Im the case of 4-amino-methyl- 

phthalimide, however, in view of the fact that the luminescence efficiency at 
-196° is close to 100% there is evidently little or no radiationless deactivation. 
Hence this explanation must be rejected. It must also be rejected for the other 
Substances, although possibly not as categorically. 

For explaining the difference between the values of Aph/ 447 measured directly 
at -196° and the values evaluated from Gf, at 20° one can assume that the fluores- 
cence peak frequency does not determine P directly but rather the transition pro- 
bability to some intermediate state from which there then occur transitions to 
the metastable and the ground state with a probability independent of Vng- An- 
other possible explanation of the divergence is the hypothesis that P increases 

with increasing temperature (or decreasing rigidity of the medium). 
Let us summarize the results of investigation of P. All the three above men- 
tioned procedures yielded results in qualitative agreement. In many cases the 
quenching action of the solvent, like that of some typical fluorescence quenchers, 
consists in creating favorable conditions for intramolecular deactivation, amount- 
ing to increase of P. However, the character of the effects produced by solvents 
wand fluorescence quenchers are different. Solvents alter the fluorescence spec- 

trun* and thereby change the shape and relative location of the energy surfaces 
of the ground and excited states. On the other hand, quenchers do not alter the 
spectrum but only affect the intercombination transition probability. 
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*In the present work we everywhere compared Gf] at 204, Aph/4f7 at -196° and k 
fat 20° with Vi at the corresponding temperature. At the present, early state of 
the investigation, we cannot assert that these quantities should be correlated 
with Vir rather than with some other characteristic varying in parallel with the 

fluorescence peak. We can only state that the values of qfl> Aph/ 441» k and, con- 
sequently, P depend on the spectroscopic characteristics of the material and the 
relative positions of the energy surfaces of the ground and excited states. 
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OPENING ADDRESS 
- M.D,.Galanin 


Our Seventh Conference is devoted specifically to the luminescence of crys- 
tal phosphors. This is the second conference devoted to this topic. Only two 
years have passed since the previous conference held in Tartu. Despite this we 
could not include in our program all the reports presented to the organizing com- 
mittee. This is only one indication of the rapid development of this branch of 
science here in the Soviet Union. 

Conferences on luminescence attract the attention of different specialists: 
physicists, chemists and engineers. It is pleasant to note that at today's con- 
ference there are present colleagues from academic and scientific institutes and 
workers from industrial enterprises located in different cities of our country. 

I should also like to welcome in the name of the organizing committee and all 
participants our foreign guests from Hungary, the German Democratic Republic and 
Poland. 

The great diversity of specialists attracted by our conference reflects the 
complex character and many sidedness of the luminescence of crystal phosphors. 
This branch of science involves problems of physics and chemistry, spectroscopy 
and solid state physics. Purely scientific and theoretical research in this 
field provides the basis for new technical applications of luminescence in diverse 
realms of engineering and the national ecomony. 

The complex nature of the processes involved in the luminescence of crystal 
phosphors and the intimate relationship between this problem and technical appli- 
cation was frequently emphasized by S,I.Vavilov, the founder of the Soviet school 
of luminescence. Investigation of the luminescence of crystal phosphors was 
started in our country on his initiative; 25 years ago Sergei Ivanovich Vavilov 
published an article on the "Laws of Decay of Phosphorescence”, which long deter- 
mined the orientation of studies in this field, a field that was almost entirely 
unexplored a quarter century ago. Since then we have learned much. I shall not 
undertake a survey covering the past 25 years or even attempt to review the major 
“advances during the two years that have elapsed since the preceding conference. 

I would, however, like to remark on certain tendencies in research that have been 
becoming evident in recent years and which are obviously reflected in the sub- 
jects of the reports included in the conference program. 

There has been an increase in the number of investigations on alkali halide 
phosphors. This, in my opinion, is connected first, with their new field of ap- 

plication in scintillation counters and, second, with the need for elucidating 
the complex physical processes occurring in the luminescence of phosphors, at 
least in the case of such classical and, it would appear, comparatively simple 
‘materials such as alkali halide single crystals. There has been some increase 
(although still not enough) in research on the excitation of crystal phosphors 
by hard radiation - electrons and other particles. Lastly, investigations of 
electroluminescence, which at the time of the preceding conference were only 
starting in the Soviet Union, have now yielded very interesting results which 
utilize the full gamut of experience of the Soviet school of luminescence for 
exploring the complex relationships characteristic of the luminescence of crys- 
tal phosphors. 

I shall not undertake, in any case before the start of our conference, to 
single out for particular mention any particular studies from the great number 
of high level, valuable and interesting investigations. 

Despite the great progress made in recent years, there are many questions 
that still await solution, for example, the question of the structure of lumi- 

‘nescence centers. How very rare still are the cases when we can with certainty 
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indicate what atoms enter into the composition 
have no definite answers to these questions 

1t of combined application of 
for example, investigation 


define their structure or at least 
of a center. For the most part we 
and their solution can be arrived at only as a resu 
chemical and new physical methods and procedures 4s, 
of paramagnetic resonance or polarization of luminescence. 

Continued investigation of the kinetics of phosphorescence has recently led 
to the conclusion that in studying this effect one must take into account not 
only electron but also hole and even exciton processes. In many cases we have 
been able to gain a profound understanding of the mechanism of photosemiconductor 
processes, determining or involved in phosphorescence, afterglow, quenching and 
stimulation of luminescence. Yet it must be admitted that even in this field 
there is much that is still unclear. 

For many years we have glibly spoken of luminescence centers ionized as a 
result of excitation. It would appear now that there is some question regarding 
the validity of this concept. This question is intimately related with the im- 
portant problem of transfer of excitation energy from the host lattice to the 
activator; it is particularly important in the case of excitation by hard radia- 
tion and there is much that is still obscure as regards participation in the 
transfer process of electrons, holes and excitons. 

This list of important and difficult problems could easily be extended, but 
we shall meet with many of these problems in the course of our deliberations. 
Hence let me terminate at this point. 

In the name of the Organizing Committee, I declare the Seventh Conference on 
Luminescence open and wish all of us success in our collaborative efforts. 


= 
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TEMPERATURE QUENCHING OF THE LUMINESCENCE OF 2nS: Ag PHOSPHOR WITH EXCITATION 
BY LIGHT OR Q-PARTICLES 
- M.D.Galanin & A.V.Raevskii 


‘The luminescence properties of crystal phosphors with excitation by charged 
particles differ greatly from the luminescence properties with excitation by 
light. To an appreciable extent this difference can be explained simply by a 
difference in the excitation density. Where the kinetics of cathodoluminescence 
are concerned, this matter has been examined by Arkhangel'skaya et all and Beli- 
kova*. In the case of excitation by high-energy particles, the mean excitation 
density may be substantially lower than the local density at certain points. The 
local density depends not only on the specific energy loss of the particles but 
also on the time lapse after excitation. This process of equalization and over- 
lapping of the excitation channels with excitation by y-rays has been discussed 
by Antonov-Romanovskii3. In the case of excitation by a low or moderate flux of 
Q-particles, the luminescence consists of individual scintillations. Hence the 
luminescence properties must be determined by a very high excitation density 
along individual tracks. 

In the present work we investigated from this standpoint temperature quench- 
ing of the luminescence of znS: 1074Ag(NaCl) heated at 800°.* 

Temperature quenching in crystal phosphors of this type is an "external 
quenching” process, i.e., a process occurring outside the luminescence centers. 
Hence the quenching depends greatly on the intensity of the exciting light. The 
Simplest hypothesis regarding the mechanism of temperature quenching is that it 
is due to radiationless recombination of trapped electrons with free holes*. 

Fig.1 shows the experimental temperature quenching 
curves for excitation by Po#210 Q=-particles and 365 mu 
light of different intensity. The curves were measured 
under steady state conditions with slow cooling of the 
phosphor. ** 

In order to obtain the maximum possible photoex- 
citation intensity we used an SVDSh lamp with a large 
parabolic lens. The absolute intensity of the incident 
365 mu radiation (discriminated by a UFS-3 glass filter 
and a water solution of CuSO4) was measured by a thermo- 
pile calibrated with reference to a Hefner candle. The 


o 100 200 tC maximum value of the absolute intensity was approximate- 
Fig.1. Temperature ly 4 w/em2. For lower intensity readings the light was 
quenching curves with weakened by screens and light filters. The intensity 
excitation by Q-parti- I, in the absence of quenching. The variation of Ip 
cles (curve Q) and with the intensity of excitation E is nearly linear. 
light. The figures Even for the greatest exciting light intensity 


at the curves indicated attained in the experiments the temperature quenching 
the relative excitation curve for photoexcitation lies to the left of the 
intensities. The dash- curve for q-excitation. In order to have a reasonable 


ed curves were derived basis for extrapolation we had recourse to a simple 
from curve E by means model of external quenching. 
of formula (1). Fig.2 shows the energy diagram for a crystal phos- 


phor with one activator level and one electron trapping 
*We thank A.A.Cherepnew and M.V.Danilova for preparing the phosphor. 
*kAs control experiments showed, the absorption of the exciting light was 
great so that variation therein can be neglected. Hence the relative intensity 
values are close to the relative luminescence yield values. 
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level. It is assumed that absorption of the excit- 
ing light occurs jn the activator band and also that 
the quenching is of the first order (i.e., that the 

probability for recombination of trapped electrons 
Bz is higher than the probability for trapping of holes 

in the activator). Consideration of this model un- 

x der steady state conditions and on the assumption 

ca that the number of free electrons and holes is small 

leads to the following expression for the relative 


luminescence yield: 


bah al yea (1) 
I, i 
eee eee = eee 
Fig.2. Crystal phosphor where 28 (w+ m1) 
energy diagram for calcu- ie ciamemey eae a 
lating first order ex- 
ternal quenching. (the designations pertain to the transition probabili- 


ties indicated in Fig.2). The value of a is propor- 
tional to the excitation intensity E. Hence log z = 
= log E + log fM, where f™ is a function of the 
temperature.* 

Fig.3 shows the variation of I/I, with log x 
following from Eq.(1). Having the temperature quench- 
ing curve for one excitation intensity, we can by 
means of this functional dependence calculate the 
temperature quenching curve for any other intensity. 
The curves for intensities of 0.1 E and 0.01 E cal- 
culated in this manner from curve E are shown by 
Fig.3. Theoretical varia- dashed lines in Fig.l. These curves lie fairly close 
tion of r7l5 with log z. to the experimental curves. One can scarcely expect 

complete agreement, not only because of the simpli- 
fied nature of the assumed model, but also because the experimental curves were 
recorded for a thick phosphor layer and consequently correspond to different ex- 
citation densities. 

In attempting to extrapolate and determine the photoexcitation density cor- 
responding to the density of excitation by Q-particles, one must also take into 
account the difference in the absorption mechanism. This difference, however, 
should not be substantial when the probability for trapping of holes in the acti- 
vator is great. The high radioluminescence yield of zinc sulfide phosphors is 
apparently due to the high probability of this process. Hence with the above 
reservations we can still attempt a comparison between photo- and Q-excitation. 
Extrapolation yields a value of about 12 w/cm2 for the photoexcitation intensity 
corresponding to the quenching curve obtained for excitation by Q-particles. The 
absorption coefficient for } = 365 mi determined by the method outlined by Anton- 
ov-Remanovskii’ proved to be of the order of 500 em7l. Accordingly, the mean ex- 
citation power density is about 12-500 w/cm3 ~ 4-1016 Mey cm73 sec-l. ‘This ap- 
pears to be appreciably lower than the energy density that might be expected in 
the initial excitation channel produced by an Q=particle. Thus, assuming for 


log x = log E+ f(T) 


*The temperature dependence is here expressed in terms of w and w, and in 
the general case is rather complicated. Mott's formula, T/7=1 + Ce-*/*T which is 


usually valid for temperature quenching in centers, is not applicable to the 
case of external quenching. 
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og DEE Pores of rough evaluation that the track length / +1073, the radius 
p~ 10°”, the scintillation persistence ¢ ~ 10-6 sec and the Beaton effici- 
ciency 7 ~ 0.25 (the maximum energy efficiency of radioluminescence) , we obtain 
for : 5 Mev Q-particle an excitation power density of 7f,/rrt ~ 4+ 1020 Mev cm73 
sec™", 1.e€., a value some four orders of magnitude greater than deduced above 
The relatively low excitation density under the influence of Deaferee een 
potained on the basis of the cited considerations from the temperature quenching 
Eozve is in qualitative agreement with the results of Smidt®. It is possible 
as Smidt suggests, that the decrease in the initial high concentration of “fester 
trons and holes is explained by their diffusion from the initial track. 
We wish to express our sincere gratitude to M.V.Fog for valuable discussions. 


"P.N, Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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NEW DATA ON A SLOW NEUTRON DETECTOR 
L - T.V.Timofeeva & S.P.Khormushko 


Sometime ago we developed a slow neutron detector!,2 consisting of Ag acti- 
vated zinc sulfide loaded with boric acid. Boric acid is necessary in order to 
make the scintillator sensitive to neutrons (B19(n,q) reaction). The Q-particles 
from the reaction produce scintillations in the zinc sulfide which are then de- 

tected by the photomultiplier to which the scintillator is coupled. The detec- 
tors were prepared in the form of a plane layer (screen) and in the form of a 
hollow cylinder coated on the inside with the phosphor. The counting efficiency 
of the plane detector was 5.4 + 0.4%; the response of the cylindrical detector 
was some four times higher. 

The present communication is devoted to the relation between the counting 

rate for slow neutrons and the boric acid content and the possibility of in- 
’ creasing the neutron counting rate by using boric acid enriched with B10, 
The neutron absorption increases with the p10 content. This leads to weak- 
ening of the neutron flux reaching the deeper lying scintillator layers. This 
self-screening effect is substantial for thick detectors such as ours (scintil- 
lator thickness 80 mg/cm2). 

In the case of a collimated neutron flux incident normal to the scintillator 
surface the fraction of neutrons absorbed in the detector is 1 — e-"4, where yp is 
the absorption coefficient per unit thickness and d is the thickness. For a dif- 

“fuse neutron flux this fraction @ depends on pd in the following more complex 


‘manner (Fig.1): 
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a = 1 —e-*4 (1 — pd) + pd? E; (— pd). (1) 


steeply and attains saturation sooner than 1 — e™*4. 
Our initial detector had @ = 0.367; consequently, @ and the neutron coun tie re- 
sponse could be increased by a factor of 2.7. In practice, however, it is not 
expedient to prepare scintillators with ud greater than unity (a = 0.78) inasmuch 
as a relatively great increase of pd or the B!° content results in a relatively 


small change of @. 


This function rises more 


Aside from self-screening, insertion of a 

ez strongly absorbing neutron detector in the neutron 

“| flux may give rise to the so-called "sagging ef- 
fect or weakening of the neutron flux in the vici- 
nity of the detector, which leads to diminution of 
the counting response. Experiments showed that 
under our conditions of a diffuse neutron flux in 
a small air space inside the paraffin moderator 
this effect lies within the limits of the experi- 

2 25nd mental error. Hence the counting rate attainable 


Fig.1. Variation of the in practice is determined only by @. The experi- 
fraction of neutrons ab- mentally attainable counting rate I will, however, 
sorbed in the detector be appreciably lower as a result of discrimination 
with ud. by the counting equipment. The influence of dis- 


crimination will be the greater, the lower the 
pulse height, which depends on the absorption in the scintillator and the scin- 
tillation yield. Thus for a constant discrimination threshold of the associated 
equipment we will be cutting off a different fraction of pulses. 

Let us consider in more detail the question of the relative counting ef- 
ficiency of the scintillator; this in the given case we define as the ratio of 
the actual neutron counting rate I, which is dependent on the amplitude of the 
light pulses, to the fraction @ of 
absorbed neutrons. 

Loading with boric acid, parti- 
cularly in large amounts, reduces the 
° counting efficiency. This is ex- 

plained by the fact that the q-parti- 
cles always originate in the boric 
acid and hence lose part of their 
energy inactively in the acid parti- 
aN cles; the luminescence is produced 
only by the remaining part of the 
energy absorbed in the zinc sulfide. 
Moreover, the boric acid affects the 
optical characteristics of the scin- 


i 


20 


as s tillator. Thus the counting effici- 
' : ency I/d must be a function of Z/B, 
Fig.2. Variation of the counting effici- where Z is the zinc sulfide and B 
ency with B (1) and Z/B (2). is the boric acid content of the 


scintillator. In order to determine 
this function, we prepared a number of scintillators with different concentra- 
tions of boric acid ranging from 4.5 to 40% (in 3-4% steps). The synthesis pro- 
cedure and the method of determining the response of the scintillators have been 


— 


described in Ref.2. 
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Fig.2 shows the experimentally determined dependences of 
I/a@ on B’ (curve 1) and Z/B (curve 2) expressed in weight percent. As the unit 
counting rate, we took the counting rate of the old plane detector2. With the 
discrimination level of our set-up, the old detector counted 10% of the absorbed 
neutrons. The layer thickness of all the scintillator was 80 mg/cm, It will 
be evident from Fig.2 that the counting efficiency falls off linearly with in- 
crease in boric acid concentration, while the dependence on Z/B is more complex. 
The counting efficiency begins to fall off rapidly when the proportion of Z to 
B is 4-5. 

Thus the counting efficiency increases with decrease of the boric acid con- 
tent. From this it could be inferred that replacement of ordinary boric acid 
with B1O enriched acid should, with the same Q, yield a scintillator with a high- 
er counting response. Hence through the use of enriched boric acid it should be 
feasible to obtain a higher counting efficiency inasmuch as in this case a smal- 
ler absolute amount of boric acid is necessary to have the same number of react- 
ing B10 atoms. To check this we prepared a series of samples containing from 
4.5 to 16% boric acid enriched in B!° to 77, 87 and 91%. The results obtained 
are shown in Fig.2 by the square (curve 1) and circle (curve 2) points. Each 
point pertains to a certain value of B and is the average of the data for all 
three enrichments. It will be evident that the points lie close to the same 
curve, i.e., that the counting efficiency varies in accord with the same laws. 

With an enrichment of 87% and an acid content of 16% the counting rate is 
twice that obtained with the old plane detector. With 100% enrichment and load- 
ing with 34.5% boric acid we should theoretically obtain the maximum possible 
increase in the counting rate, i.e., by a factor of 2.5 or by another 20%, but 
in this case twice as much enriched boric acid would be required, which would 
substantially increase the cost of the detectors. At a higher boric acid con- 
tent, the counting efficiency would decrease. 

Thus with enriched boric acid there are obtained detectors operating stably 
with a counting efficiency of 10-14%. By lowering the discrimination threshold, 
the counting efficiency could be increased to 20-30%. 

As was noted earlier, to increase the total response of the detector we pre- 
pared it in the form of a hollow cylinder coated on the inside with a layer of 
the loaded phosphor. The number of counts obtained with such a cylinder is four 
times greater than for a plane detector. In using the scintillator prepared with 
enriched boric acid, the ratio of the number of counts obtained with a plane and 
with a cylindrical detector remained the same. Thus compared with the old plane 
detector the counting response of the hollow cylinder detector coated on the in- 
side with the B19 enriched scintillator material is higher by a factor of seven. 


"V.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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ON PHOTOELECTRIC EFFECTS IN LUMINESCENT znS:Cu(Ni,Fe,Co) AND perpen POWDERS 
va. e ° ymm 


In the present work we investigated photoelectric effects in a number of 
zn$-CdS:Cu phosphors containing 45, 35, 25, 18, 8 or 0% CdS and ZnS: Cu(Ni,Fe,Co, 
ZnO) phosphors mainly by means of the so-called capacitor method. We obtained , 
the spectral and temperature dependences of the photoelectric response (PR). For 
some of the phosphors we also obtained the luminescence excitation spectra and 
the glow curves. 

Despite the fact that the capacitor method has been fairly widely used for 
investigating the internal photoeffect in semiconductors and luminescent pow- 
dersl-7 certain difficulties are still encountered in interpreting the experi- 
mental results. The shortcomings of the method have been discussed by Lashkarev® 
and Kozhevin & Lashkarev?. 

Nevertheless, the method has a number of positive features: it has a fairly 
high sensitivity, it can be employed with powdered substances and requires rela- 
tively small amounts of sample material, and what is sometimes very important, it 
allows of determining the polarity of the photocurrent carriers from the sign of 
the PR inasmuch as the polarity of the carriers is uniquely related to the sign 
of the pR.6»10 

In the case of the mixed ZnS°CdS:Cu phosphors we studied the long-wave re- 
gion of the PR spectra (the measurements were carried out on unexcited phosphors). 
The sign of the effect corresponds to n-type photoconduction, which is in agree- 
ment with the polarity of the Hall effect in ZnS and CdS single crystals.1ll With 
increase of the CdS content the spectra monotonically shift to the short wave- 
length side. The magnitude of the PR depends to a great extent on the photocon- 
ductivity relaxation time; in crystal phosphors the PR effect is the greater, 
the shorter the afterglow. 3 

We found that the magnitude of the PR is strongly dependent on the tempera- 
ture. For samples with low CdS concentrations (25%) and all ZnS:Cu phosphors 
the effect was observed only at temperatures above room temperature (with weak 
monochromatic light beams). Determinations of the sign of the PR at room tem- 
perature by means of intense light beams were performed earlier by us!2 and by 
Bukkel3. Measurement of the infrared (IR) PR in excited phosphors* is feasible 
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Fig.l. Photoelectric response spectra of excited ZnS-CdS:Cu phosphors: 1) 45%, 2) 
' 35%, 3) 25%, 4) 18%, 5) 8%, 6) 0% CdS. 
Fig.2. Temperature characteristics of ZnS*CdS:Cu phosphors: 1) photo- 
electric response, 2) thermostimulation. 
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,only at temperatures above room temperature (unexcited phosphors under these con- 
ditions exhibited no IR photoelectric sensitivity). 

The IR PR spectra consistently shift to the short wavelength side with in- 
crease of the CdS content (Fig.1). Of particular interest here is the fact that 
the IR PR spectrum of ZnS:Cu virtually coincides with the light sum emission 
spectrum obtained by Reband14, 

Important also is the fact that the IR PR observed by us corresponds to p- 
type photoconductivity. Control experiments showed that the sign of the IR PR in 
samples with 45 and 35% CdS does not depend on the direction of illumination* (ex- 
citation) and does not change during the afterglow period. The similarity of the 
optical and photoelectric IR sensitivity spectra and the fact that the PR is of 
the p-type lead us to infer that the hole mechanism predominates in infrared ef- 
fects in ZnS°CdS:Cu and ZnS:Cu phosphors. 

The temperature dependence of the IR PR is shown in Fig.2. It will be seen 
that in each case the PR rises to a peak at a certain temperature and falls off 
to the side of both lower and higher temperatures. Of particular interest is the 
fact that in the series of ZnS-CdS:Cu phosphors the position of the IR spectrum 
and the temperature of the PR peak exhibit a parallel variation in going from one 
sample to another, i.e., with increase or decrease of the CdS content. 

Our data are in agreement with the earlier advanced hypothesis that in this 
series of mixed crystals all the energy levels are proportionally depressed with 
increase in the content of the heavier component (CdS).15 Linearity of the ef- 
fect breaks down at approximately 18-25% CdS content. Above these CdS concentra~ 
tions nonlinear variation is also observed for such other attributes and effects 
as the luminescence spectrum, the lattice constant, and quenching by IR light. 

In our opinion the observed temperature dependence of the PR can be associ- 
ated with increase in the rate of liberation of the current carriers from the 
trapping levels. 

The dependence of the PR on the modulation frequency and the intrinsic time 
of the sample in the case of monopolar photoconductivity was investigated theo- 
retically by Tolpygol§, The PR is maximal when the modulation period is equal to 
the recombination time. For both lower and higher modulation frequencies the PR 
decreases. From the frequency dependence of the PR one can determine the recon- 
bination time T,, which is connected with the depth of the traps and the tempera- 
ture. With increasing temperature Ty, decreases, while the PR increases to l/Ty, ¥ 
x%wW, The decrease of the PR in the range of high temperatures corresponds to the 
region where 1/T;>w. In our opinion in this region in the case of IR PR thermal 
transitions compete with optical ones. [In our experiments we used a modulation 
frequency of ~200 cps. The high temperature "tails" exhibited by the glow curves 
substantiate the dependence of the effect under consideration on the trap depth. 

In the case of ZnS:Cu(Ni,Fe,Co,Zn0) phosphors, the PI spectrum can be measured 
both in the infrared and in the visible regions of the spectrum but only at high 
temperatures and with illumination in the fundamental absorption band. Our ex- 
periments showed that the spectral variation of the IR PR does not depend on the 
nature of the other activator, but the magnitude and temperature variation of the 
PR do depend on it (Fig.3). The teaperature depth of the deep traps can be evalu- 

*There are two hypotheses explaining the influence of illumination. It is 
possible that under the influence of illumination there develops excited absorp- 
tion in the phosphor and that this is responsible for the appearance of new re- 
gions of photoelectric sensitivity. It is also possible that illumination pro- 
duces electric polarization of the sample; in this case the influence of illumi- 
nation can be reduced to the effect of the electric field on ane capacitor re- 
sponse® »9. In our opinion, both these mechanisms may be operative. 
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ated by means of the 
glow curves (Fig. 4). 
In view of the 
experimental data it 
may be assumed that in 
the 140 to 190° tem- 
perature interval in 
all these phosphors 
there exist deep trap- 
ping levels and that 
the distribution of the 
levels depends to some 
extent on the other 
activator. There is 
also observed some 
0 200 =250 parallelism between 


t,°C the variation of the 
Fig.4. Temperature character- PR and "tail" of the 
istics of ZnS phosphors: 1) glow curves. 
7 aa PR, 2) thermostimulation. As will be evident 
: from the cited data, 
Fig.3. Variation of the capacitor method can be used for investigating trap- 
the temperature and ping centers in zinc sulfide phosphors. 
spectral characteris- In conclusion I desire to thank my supervisor F.D. 
tics of the photo- Klement for his interest in the work. 
electric response of 
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INVESTIGATION OF THE PHOTODIELECTRIC EFFECT IN ZnS:Cu:Fe PHOSPHOR 
- P.E, Ramazanov 


While there have been many investigations of the photodielectric effect 
(hereinafter pde) in crystal phosphors there is still no consensus regarding the 
nature of this effect. Some authors! attribute it to a real change in the di- 
electric properties of the phosphor as a result of excitation, others? explain 
it on the basis of photoconductivity within the phosphor grains, and still others? 
are inclined to attribute it to the simultaneous influence of both factors. 

Roux* investigated the frequency dependences of the pde in a number of phosphors 
and came to the conclusion that in most cases the experimental facts are not con- 
sistent with the model taking into account only photoconductivity, and that the 
pde at frequencies above 1 kc must be due to polarization of complexes associated 
with trapped electrons. 

There has been proposed a model of a polarizing complex according to which 
the trap is a double potential well with an internal barrier separating two pos- 
sible equilibrium positions of the trapped electron. Upon application of an ex- 
ternal electric field there are realized through the agency of the thermal energy 
preferential displacements of the electrons against the field, thereby producing 
an additional dipole moment. Such polarization must be similar in character to 
the thermal ionic polarization of the displacements in ionic crystals? with the 
difference that the role of weakly bound ions is played in this case by trapped 
electrons. In view of this we felt it would be of interest to compare the tem- 
perature dependences of the pdce at different frequencies with the theoretical 
dependences for the case of thermal ionic polarization of displacements. This 
was the purpose of the present study. 

By way of phosphor we chose ZnS:Cu:Fe (Cu - 1074, Fe - 1075) in which the 
pde must be due mainly to trapped electrons®, The measurements were carried out 
by the procedure described earlier’. 

Using a capacitor in which the ZnS:Cu:Fe phosphor was the dielectric, we re- 
corded the temperature dependence of A tan § and AC/Cg where Cg is the dark ca- 

* pacitance) at frequencies of 90.2 kc, 282 kc, 2.94 Mc and 9.69 Mc with the phos- 
phor excited to the equilibrium state and at different stages of decay of the 
phosphorescence. The experimental results for A tan 6 and Ac/Cqg after 15 min 
excitation of the phosphor are shown in Figs.1 and 2. Characteristic here is 

the shift of the A tan 5 and AC/Cg maxima to the side of higher temperatures with 
Atand-10° increase in the frequency of the applied field. In 
the case of A tan § this displacement can be quali- 
tatively explained by variation of only the photo- 
conductivity®, but in this case the height of the 
maximum should not depend on the frequency whereas, 
as will be seen from the figures, actually the 
height of the A tan § peak increases. The fact 
that there is little or no relation between the pde 
in ZnS:Cu:Fe and the photoconductivity is also indi- 
cated by the shift of the AC/Cg maximum with fre- 
quency. If the pde were due only to photoconducti- 
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Fig.1. Temperature depend- 
ences of A tan 6 at differ- 
ent frequencies with full 
excitation of the ZnA:Cu:Fe 
phosphor (excitation for 

15 min). 


vity, AC/Cg should tend to saturation with increas- 
ing temperature. 

The decrease of AC/Cg for ZnS:Cu phosphor at 
high temperatures was attributed by Vergunas & 
Agashkin® to the onset of temperature quenching. 
This explanation is not applicable to ZnS: Cu: Fe 
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phosphor, however, inasmuch as the decrease of 

AC/Cq begins appreciably earlier than temperature 
quenching; moreover the decrease starts at different 
temperatures depending on the frequency. These 
facts, in our opinion, indicate that the pde in 
znS:Cu:Fe is associated with relaxation processes, 
particularly, since the temperature dependences of 

A tan § and AC/Cg are very similar to the correspond- 
ing dependences observed in dielectrics exhibiting 
thermal polarization. 

If we accept the polarizing complex model pro- 
posed by Roux’ and bear in mind that the number of 
trapped electrons during excitation of the phosphor 
to equilibrium varies with the temperature? accord- 


B 60 440 a 
ED «Nh ay, Tet ing to the n~c#T law, where ¢ is the depth of the 


Fig.2. Temperature depend- 
ences of AC/Cg at differ- traps, then utilizing the theoretical dependence of 
ent frequencies with full the dielectric constant on temperature in the case 


excitation of the ZnS:Cu: of thermal ionic polarization of the displacements, 
:Fe phosphor (excitation we can find the conditions for the maximum value of 
for 15 min). Ac, namely, i 
2 
4U —e RE € 
* (Sp — 1) ¢ mana ne (1) 
max 


Here }—wo/2v , where © is the radial fre- 
»% quency of the applied field, v is the oscilla- 
tion frequency of the electron in the equili- 
brium position, and U is the height of the hy- 
| 2 pothesized internal barrier. Inasmuch as con- 
6 ; Q dition (1) does not depend on the state of ex- 
bie ate a citation of the phosphor, the temperature maxi- 

f mum at a given frequency should not shift in 
smi 0 the process of decay of the phosphorescence, 

6 1 EN which is in fact observed experimentally, ex- 
ae cept for the first ~2 min of decay. The ten- 
, j romin’s perature dependences of LC/Cq for the ZnS:Cu: 

x :Fe phosphor during excitation and at various 
stages of decay are shown in Fig.3. The repro- 
duced curves were recorded at a frequency of 
90.2 kc; similar curves were obtained at other 
frequencies. 

Making use of condition (1) one can evalu- 
ate the height of the potential barrier U and 
sam the frequency y. The condition can be written 

; in the following form 


Fig.3. Temperature dependence v1 SP 
I aS ghee 
of AC/Cq for the ZnS:Cu;Fe lew + ge =g2)/ max (2) 


phosphor: 1) during excitation, A. Tmax —&—2kT yay” 


2) at different stages of de- In view of the fact that the right-hand part 
cay. if = 90.2 kc. of the equality is weakly dependent on U and 


Tmax» We may expect that plotted in log w vs 
1/T coordinates the experimental points corresponding to Tmax for different fre- 


quencies will fit a straight line, from the Slope of which we can evaluate U and 
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from the intercept of which on 
the log w axis the value of y. 
In point of fact, the experi- 
mental points for the case of 
strong excitation and for the 
later stages of decay do yield 
a straight line (Fig.4), which 
gives a value of 0.3 ev for U 
(which is in agreement with 
the depth of the most effective 
traps in ZnS:Cu:Fe found by 
Nuvar'eval9) and a value of 
about 1012 sec-1 for y. 
Analyzing the temperature 
dependences of the pde in ZnS: 
:Cu:Fe at different frequen- 
(0g w cies, we come to the conclusion 
Fig.4. Variation of the position of the LC/Cq that there is more justifica- 
maximum with the frequency of the applied field: tion for associating this ef- 
1) during excitation of the phosphor, 2) after fect with thermal relaxation 
1 min decay, 3) after 20 min decay of the phos- processes than with photocon- 
phorescence. ductivity. The agreement of 
the deduced value for U with 
the depth of the effective traps indicates the pos- 
sibility of thermal polarization of the displacements 
connected with retrapping of the electrons. Upon ap- 
plication of an external electric field, the elec- 
trons freed from the trapping levels will be impart- 
ed a directed displacement and in the case of repeat 
trapping will be able to yield an additional dipole 
moment in complete accord with the mechanism of therm- 
al polarization of displacements. Here the potential 
barrier will be the depth of the traps. 
Bt The break in the straight line (Fig.4) for the 
5 20 1 235 10 20wgt initial stages of decay may be due to the influence 
Sec. Min. of traps of a different kind. Thus, according to 
Fig.5. Variation of tan § Nuvar'eval9, in ZnS:Cu:Fe, in addition to the main 
with the phosphorescence traps with © = 0.3 ev, there are traps with a depth 
decay time of ZnS:Cu:Fe of 0.17 and 0.52 ev. Under quasi-steady state con- 
phosphor: 1) f = 90.2 kc, ditions (i.e., with excitation of the phosphor to the 


T = 193°K, 2) f= 282 ke, equilibrium state and at the later stages of decay) 
T = 189°K, 3) f= 2.94 Mc, these traps may play no significant role, but they 
7 = 193°K. should be evinced in the early stages of decay when 


there can occur redistribution of the electrons be- 

,» tween different trapping levels. 

The presence of traps of different depths may also serve to explain the fact 
that in some phosphors* the value of U increases substantially in the process of 
decay. This may occur when in the early stages of decay the effect is produced 
mainly by electrons freed from shallow traps, while at later decay stages it is 
produced by electrons from deeper traps. 

In this connection it is interesting to note that tan 6 SoCs through a maxi- 
mum in the process of decay both in the case of znS:Cu phosphor~ and ZnS:Cu:Fe 
phosphor (Fig.5). The maximum value may be several times greater than the value 
of tan 5 measured during full excitation of the phosphor, while the position of 
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e of longer decay times with decrease in 
At a given temperature and frequency the 
condition for maximum tan § is attained at a certain value of U which must be 
the greater, the lower the frequency. Thus at low frequencies the condition for 
maximum tan § may be attained later than at high frequencies inasmuch as it will 


be fulfilled for deeper traps. 


the maximum may be shifted to the sid 
the frequency of the applied field. 


Siberian Physical-Technical Institute at 
"vy v.Kuibyshev", Tomsk State University 
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RELAXATION OF THE AFTERGLOW, PHOTOCONDUCTIVITY AND LIGHT SUMS OF 
ZINC SULFIDE PHOSPHORS 


- F.I.Vergunas & Yu.L.Lukantsever 


Experiments show that in the case of zinc sulfide phosphors not only the 
afterglow but also the photoconductivity in a certain temperature interval decays 
according to the hyperbolic law, the decay of the photoconductivity being slower 
than that of the afterglow. According to the experimental data, the difference 
O-8, where Q and B are the degrees of the hyperbolas describing the decay of the 
afterglow and of the photoconductivity, respectively, varies from 0.5 to 1.5. 

In the present contribution we shall show that the difference between the 
rates of relaxation of the afterglow and photoconductivity is a consequence of 
the elementary decay law of Adirovichl and that the experimental regularities 
are in good quantitative agreement with theory. To determine the theoretical 
relationships between the values of @ and B we plotted the variations of log B, 
log n and log N with log (1+ pt). Here B = I/py,, where I is the afterglow in- 
tensity, p is the probability for thermal freeing of trapped electrons, v, is the 
total number of trapping levels, » is the light sum, and N is the concentration 
of conduction electrons. 

The functional dependence of log B on log (1 + pt) was plotted by the method 
described by Adirovichl. The values of N needed for plotting the variation of 
log N with log (1 + pt) were determined from the ratio B/n. The theoretical curves 
were plotted for values of the parameter y ranging from 100 to 0.4. 

The decay curves of the afterglow B, the light sum 7 and the photoconductivi- 
ty, proportional to the concentration N of free electrons, at the late stages of 
decay were approximated by hyperbolas: 


BS a; 
Ty e= bt. 
== Cts, 


for all values of y there obtained the inequality a> 86> E. 

We then determined the values of @ and 6 for the theoretical curves corre- 
sponding to different values of y and plotted the variation of @ - 8B with @ (see 
figure). For @ = 2, the difference @- 8 =1. This particular case was consider- 
ed by Gurevich et al2 who showed that if the elementary decay law is represented 
by a second order hyperbola, the afterglow must be de- 
scribed by a quadratic hyperbola and the relaxation of 
the photoconductivity by a first order hyperbola, i.e., 
that in this caseq -6 = 1. 

Thus the relation between the degrees Q and B ob- 
tained by Gurevich et al is a particular case of the 
more general dependence following from the elementary 
decay law of Adirovich. 

For the purpose of comparing theory with experiment 
we investigated the relaxation behavior of the afterglow, 
the photoconductivity and the light sums in the case of 
ZnS:Cu phosphor with 10-4 Cu. The experimental depend- 
Variation of @ - B with ences were recorded in the temperature region in which 


10 Lo 2.0 25 4 


-Q@: 1) experimental, 2) the phosphor as regards its properties was close to the 


theoretical points. "ideal" model, i.e., the model in which the afterglow is 
associated with trapping levels of one depth and lumi- 
nescence centers of one kind. For such a phosphor there was obtained an elemen- 
tary decay law from which there followed the theoretical dependences of @ - B on 
a shown in the figure. Consequently, it was essential to compare the theoretical 
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dences obtained for a phosphor close to the 
"tdeal'’ model. The temperature region in which the phosphor satisfies this con- 
dition was found by the procedure described in Ref.3. Moreover, the theoretical 
curves were calculated for complete population of the trapping levels at the be- 
ginning of phosphorescence, consequently, this condition should also have been 
fulfilled in recording the experimental curves. Actually, however, they are nev~- 
er realized in a real phosphor. To minimize the error connected with incomplete 
population of the trapping levels our phosphor was excited to equilibrium by light 


dependences with experimental depen 


of maximum intensity. 
The relaxation curves for 7 and N were found from the experimental afterglow 


decay curves. We plotted the variation of I with ¢. From this we planimetrical- 
ly determined the light sums 7” corresponding to different decay times; for the 
concentration N of canduction electrons we took the ratio of the afterglow inten- 
sity I to the corresponding light sum. This followed from the relation I = ANn, 
where A is the probability for recombination of conduction electrons with ionized 
luminescence centers. The relaxation curves were plotted in terms of log I, log 
N and log n vs log (1+ pt)- The probability p of thermal freeing of electrons 
was determined by the method described by Vergunas4. The experimental curves 
were recorded for the temperature range close to and in the quenching region. In 
this temperature range Q@ varied from 1.5 to 2.5. The parameters Q@, B and & were 
determined from the slopes of the experimental curves at the late stages of de- 
cay. It is apparent from the figure that the experimental and theoretical Q- 
dependences of @ - § are in satisfactory agreement. For small values of q@ the 
difference @ - B is small; it increases with increase of @. 

Above we indicated that the concentration N of free electrons and the light 
sum were found from the afterglow decay curves (I vs ¢). For one of the tempera- 
tures the relaxation curve for N was found by an independent procedure, namely, 
from the time dependence of A tan §, the increment of the dielectric loss tangent 
Gue to excitation. The relaxation curve for A tan § at late stages of decay was 
approximated by a hyperbola, the degree of which agreed with the degree of the 
hyperbola found by the first method. 

Thus it follows from the elementary decay law that even in phosphors the 
afterglow of which is connected with trapping levels of only one kind, the photo- 
conductivity decays more slowly than the afterglow; the difference Q@ - 8 varies 
in a wide range, depending on the value of q@. This follows from the elementary 
decay law proposed by Adirovich and has been substantiated by experiment. 
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’ QUENCHING OF THE LUMINESCENCE OF ZnS:Cu PHOSPHOR BY INFRARED LIGHT 


- K.-S.K, Rebane 


The fact that the luminescence efficiency of ZnS phosphors may depend on 
the intensity of excitation E was discovered by Riehll, Investigating this de- 
pendence, Nail, Pearlman & Urbach?»3 found that at very low excitation intensi- 
ties the quantum efficiency q = I/E, where I is the luminescence intensity, does 
not depend on E. Recently it was shown4,° that irradiation of ZnS phosphors with 
infrared gives rise to a strong E-dependence of q. A number of authors9~9 pro- 
posed and analyzed different models taking into account electron and hole pro- 
cesses for explaining these effects. Additional data on the problem were recent- 
ly obtained in the investigations of Refs.10 & ll. 

Temperature quenching of recombination luminescence is due to thermal free- 
ing of holes from the trapping levels associated with the given luminescence.12 


The mechanism of IR quenching of ZnS phosphors is probably similarl3, i.e., under 


the influence of the IR light there occurs freeing of holes from the levels nor- 
mally responsible for the luminescence. If this assumption regarding the elec- 
tron-hole character of the processes occurring in quenching is true, it may be 
expected that at a sufficiently high intensity of the IR light there will be 
freed almost all the holes from the corresponding trapping levels with consequent 
complete quenching of the luminescence. We measured the variation of q with E 
during irradiation of a ZnS:Cu(NaCl) phosphor with intense infrared light.10,11 
We measured only the green luminescence of the phosphor. The experimental results 
are shown in Fig.1l,a, from which it will be apparent that q,, the quantum effici- 
ency of the phosphor not irradiated with IR, is constant in a wide range of E 
and that only at low excitation intensities does it decrease. If, however, the 
phosphor is irradiated with IR light, the quantum efficiency is constant for 
small E: q = qg but is lower than q,}. At higher values of E the quantum effici- 
eney increases and approaches the value qj. Increase in the intensity of the IR 
light does not change the magnitude of q2; only the region wherein qo is constant 
is shifted to the side of higher excitation intensities. We note that a similar 
E-dependence of q was obtained by Nail et al3 in the case of ZnS:Ag:Ni phosphors 
for different Ni concentrations. Below we give the results of a series of ex- 
periments carried out for investigating the state of luminescence with quantum 
efficiency qo. 

At room temperature ZnS:Cu phosphors have two IR quenching bands located at 
about 1200 and 800 my.14,15 The quenching in the 1200 my band at room tempera- 
ture is usually appreciably weaker than in the 800 my band.* 

We felt it would be of interest to determine whether the IR wavelength af- 
fects the value of qg; the curves of Fig.1,b show that the answer to this ques- 
tion is negative. 

Some investigators17 infer that the constant value of q for small E is due 
to fluorescence of extraneous impurities in the phosphor. We investigated the 
build-up and decay of luminescence under emission conditions with quantum effici- 


_ency dg by means of an oscillograph. We found that the decay and build-up of 


this luminescence occurs without the initial spurt characteristic of fluorescence. 


We also obtained the temperature quenching curves for different excitation 
conditions. We found that the temperature quenching curves for luminescence with 


quantum efficiencies q, and qp do not coincide (for more details on this point 
gee Ref.1). We also measured the emission spectra during luminescence with quan- 


tum efficiencies q, and qo; these spectra proved to be virtually identical. 


*At liquid air temperature there is no quenching in the 1200 mu pand. 4:16 
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Fig.l. a - Variation of q with E: 1) Iyp = OE 2) Itr = 8-10 arbit.units, 3) Iyzp = 
= 200-250 arbit.units. b - Same: 1) irradiation with 1000-1300 my IR, 2) 700- 
950 mu IR. c= Variation of the light sum with E: 1) flare-up of emission upon 
abrupt increase of Iyp from 14-16 to 200-250 arbit.units, 2) build-up light sun. 


Earlier we showed that in all ZnS:Cu phosphors there are deep traps which 
correspond to glow curve maxima at about 40-60° and 110° (or IR sensitivity maxi- 
ma at about 1200 my and 800 m, respectively).18,19 In addition, in ZnS:Cu phos- 
phors there are other trapping levels from which the current carriers are freed 
at a temperature of about 190° (this corresponds to sensitivity to light in the 
550-600 my region) .19 That there exist deep trapping levels in zinc sulfide 
phosphors is also shown by the results obtained by a number of other authors20-22, 
We were interested in the dependence of the light sum stored at deep trapping 
levels on the intensity of excitation under conditions when q ¥qp9- We carried 
out the following experiment. During steady illumination of the phosphor we il- 
luminated it with IR light in the 800 my, band; at different intensities of the 
exciting light we measured the magnitude of the flare-up occurring as a result 
of abrupt increase in the intensity of the IR light. The results are shown in 
Fig.1,c (curve 1). The intensity of the IR light was increased from about 15 
to 200-250 arbitrary units. If we compare this result with the variation of q 
(Fig.1,a, curve 2), we find that the accumulation of the light sum at levels cor 
responding to the 800 mi band begins in the region of E where q = qg. Curve 2 
in Fig.1,c shows the variation of the light sum stored in the phosphor with E 
(based on measurement of the build-up light sum). It will be seen that whereas 
q has a wide plateau*, the light sum has only a maximum, the position of which 
coincides neither with the end nor the beginning of the q plateau. 

We also investigated the storage of light sums at levels corresponding to 
the 800 mi: band in the case when luminescence with quantum efficiency qo was at- 
tained by irradiation of the phosphor with 1200 my IR light. It was found that 
in this case there is stored in the phosphor a substantial light sum which gives 
rise to a flash upon irradiation of the phosphor with 800 mu IR light. The 
build-up of this light sum with log E = 1.2 occurs over a period of 2-3 hours, 
i.e., is some three times faster than the build-up in the intensity of lumines- 
cence. The initial section of the build-up of the light sum curve has the same 
break as the curves for the build-up of light sums measured by Eliashberg22, 

The possibility of freeing current carriers from levels corresponding to 
a longer wavelength band than the de-exciting light is known for many lumines- 
cent systems, including ZnS:Cu phosphors. 4»24 The results cited above give rea- 
son to infer that the opposite effect also occurs. Direct substantiation of 
this is given by Fig.2 which shows the spectrum of the de-exciting influence of 
light for the light sum stored at trapping levels corresponding to the 800 my 
band. It will be apparent that light from the 1200 mi band is capable of free- 


*According to the data of Antonov-Romanovskii and his co-workers23, a de~ 
crease of q is observed at high excitation intensities. 
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AG ing a large fraction of the light sum stored at 
40 these trapping levels. The general character of 
20 this curve agrees with the curve of the spectrum 
ue of the stimulating influence of light for the 

total light sum stored at all levels of the phos- 
10 phor (see Ref.19). 


The absence of optical quenching under the in- 
fluence of 1200 my IR irradiation at liquid air 
temperature and the data on the spectrum of the de- 
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Fig.2. Spectrum of the exciting effect of 800 mu light indicate the neces- 
stimulating effect of light sity of preliminary thermal activation of the elec- 
of different wavelengths trons participating in these processes (also see 
as regards the light sum Ref.16). 

stored at trapping levels Comparison of the E-dependence of q with the 
corresponding to the 800 data on the E-dependence of the light sum gives 

mui band. reason to infer that at low levels of E and with 


IR irradiation of the phosphor, the dependences of 
q and the light sum on E are due to different mechanisms or processes in the phos- 
phors. The variation of the light sum with E is satisfactorily described by means 
of a band model taking into account hole and electron processes. To explain the 
E-dependence of q in the range of low E, we advance the hypothesis that in addi- 
tion to electron and hole processes there also exist in ZnS phosphors sensitiza- 
tion processes. According to this hypothesis, holes, freed under the influence 
of IR light, recombine with electrons at the sensitization centers. The energy 
liberated incident to this recombination is partially transferred by resonance 
to unexcited luminescence centers. The quantum efficiency qo of sensitized lumi- 
nescence may in general be either smaller than or greater than the quantum effi- 
ciency qj. 

It must be emphasized that our results pertain to only one type of zinc 
sulfide phosphor. To prove or disprove the proposed hypothesis one must extend 
the investigations to other ZnS phosphors. 

I wish to express my gratitude to Ch.B.Lushchik for his interest in the 
work and valuable suggestions. 


Institute of Physics and Astronomy 
Academy of Sciences of the Estonian SSR 
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INFLUENCE OF COMPOSITION ON THE LUMINESCENCE OF ACTIVATORLESS ZnS-CdS PHOSPHORS 
- L.Drozd 


As is known, the luminescence of ZnS is attributed to a natural activator. 
This gives reason to assume that there is also present a natural activator in CdS 
phosphor. In view of this we felt it would be of interest to investigate the pos- 
sible interaction of natural activators in mixed ZnS-CdS phosphors. 

In approaching the problem, the first step was to investigate the influence 
of the CdS content on the development of luminescence of the activatorless phos- 
phors and the position of the luminescence bands. To this end we prepared 19 mix- 
ed phosphors with 0, 0.01, 0.1, 0.3, 1, 5, 10, 15, 20, SO, 80, 90, 95, 99, S97, 
99.99 and 100 molar percent CdS in the batch. NaCl (2%) was used as the flux. 
The samples were heated in an oxidizing medium for 15 min at 900°. These synthe- 
sis conditions were chosen on the basis of preliminary experiments in which we 
studied the influence of the atmosphere (H2S, No, Oo), the temperature and heat- 
ing time and the flux content (0 to 5% NaCl). The brightest luminescence was 
yielded by samples heated at temperatures from 850 to 900° with flux in an oxi- 
dizing mediun. 

Fig.1 shows the luminescence spectra of the ZnS*CdS phosphors at room tem- 
peratures with excitation by 365 mi light. Introduction of CdS in amounts from 
0 to 1% has virtually no effect on the luminescence spectrum of ZnS; also the 
luminescence spectra of ZnS*CdS phosphors with 0.01, 0.1 and 0.3% ZnS are virtu- 
ally identical with the spectrum of pure CdS. As will be evident from Fig.1, the 
introduction of CdS produces a decrease in intensity and gives rise to a consist- 
ent displacement of the luminescence peak, located at X = 469 mi for pure ZnS, to 


the side of longer wavelengths (owing to change of the host lattice). For pure 


—eL2o lL — 


CdS the luminescence maxi- 
L mum is located at 760 my 
. dance eae aaceaieiama laa 4 and the color of the lumi- 
nescence is dark red. 

Of particular interest 
is the distinctive varia- 
tion in the luminescence 
intensity with constant ex- 
citation, which results in 

I a variation of the relative 
20 luminescence output of ZnS° 
*CdS phosphors with in- 
crease of the CdS content 
hn ff (Figs.1 & 2). At first 
100 f ek io there is a rapid decrease 
of output in the CdS con- 
centration range from 1 to 
10%, then in the 15 to 20% 
range the output increases, 
and finally it gradually 
Fig.l. Energy distribution in the spectrum of falls off in the range from 
ZnS°*CdS phosphors with different CdS concentrations 20 to 100% CdS. Pure CdS 
(indicated in % at the curves). The vertical scale samples yield a compara- 
at the left pertains to curves 0-50; that at the tively weak luminescence 
right to curves 80-100. (the height of the lumines- 
cence peak is only a frac- 
tion of that for pure ZnS). The general shape of the 
Vmax 10”, sec" spectra is also the same: as will be evident from Fig.1, 
pLimax the spectral curves consist of a wide band with one maxi- 
mum at all CdS concentrations. 
406 The indicated variations in luminescence with the 
CdS concentration are qualitatively characterized in 
Fig.2 from which it will be evident, in particular, that 
the frequency shift of the luminescence peak is propor- 
200 tional to the CdS concentration. All these results are 
consistent with the findings of Levshin & Fridman! and 
the data given by Pringsheim? regarding the behavior of 
the luminescence bands of ZnS*CdS:Cu and ZnS°CdS: Ag phos- 
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650,55 5975. «+100 phors as a function of the CdS concentration. From a 
% Cds comparison of the data given in these references with 
Fig.2. Variation in our data it will be apparent that the influence of CdS 


the position (straight on the position of the zinc band is very similar to its 
line y) and intensity influence on the position of the Cu and Ag activator 
of the maximum (curve bands. 
’ I) in the spectra of Despite the fact that the general shape of the 
ir ZnS*CdS phosphors with luminescence band remains the same we could not be cer- 
the CdS concentration. tain that it belongs to the same activator, i.e., could 
not exclude the possibility that it might pertain to 
two different natural activators. In order to determine the character of the 
band in the mixed zinc-cadmium phosphors, we used the method of investigating 
the influence of the excitation intensity on the shape and position of the band. 
The excitation intensity was reduced to 50, 20, 8 and 5% of the initial value. 
: Fig.3 shows the results of measurements for the ZnS-°CdS phosphor with 5% CdS. 
' One of the curves in Fig.3 represents the luminescence spectrum with the initial 
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Fig.3. Energy distribution in the ZnS°CdS 
phosphor spectrum at different excitation 
intensities. 
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excitation intensity; the other with 
5% intensity. The points obtained 
with excitation at 50, 20 and 8% of 
the initial light iptensiee fall with- 
in the range of deviation between the 
two curves, i.e., the deviations do 
not exceed 3 mu. Similar results were 
obtained for phosphor samples contain- 
ing from 1 to 20% CdS. It is evident 
that reducing the intensity to 5% the 
initial does not significantly alter 
the shape of the spectral curve. 

We also obtained the luminescence 
spectra at liquid air temperature. On 
the basis of the data, shown in Fig.4, 
it may be inferred that up to a CdS 
content of 15% inclusive the spectrum 
undergoes a temperature displacement 
but the shape of the curve does not 
change. At 20% CdS there appears a 
new short wavelength band peaking at 
about 430 mz; it increases in intensi- 
ty with increase of the CdS concentra- 
tion to 50% and the luminescence be- 
comes white (it is bright yellow at 
room temperature). Apparently this 
band is not associated with the main 
luminescence band of the materi- 
al but is a new low temperature 
band peculiar to mixed phos- 
phors with a high CdS content. 

The luminescence of pure 
CdS at liquid air temperature 
is characterized by the pres- 
ence of two bands: a bright 
green narrow band peaking at 
521 mi and a comparatively weak 
red band; to the eye the lumi- 
nescence appears green. As 
the sample is gradually warmed, 
the red band increases in in- 
tensity, while the green one be- 
comes weaker and disappears at 
-150°; at the same time there 
appears a distinct red lumines- 
cence, the intensity of which 
increases only very slightly 
with further warming to room 
temperature. 


600 Preliminary temperature ex- 


A, MYL 
Fig.4. Energy distribution in the luminescence 
spectrum of ZnS°CdS phosphors at +20° and -192° 


periments showed that the intro- 
duction of CdS is accompanied 
by the appearance of shallow 
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traps that are evinced in the glow curves in the form of a rather flat peak 
centered at about -180°, 


On the basis of the experimental data it may be asserted that in the inves- 


tigated activatorless ZnS-CdS phosphors the cadmium does not give rise to its 


own typical band but acts only to shift the zinc band to the side of longer wave- 
lengths. The influence of the Cd on the Zn band is highly reminiscent of its 
influence on the Cu and Ag activator bands, as reported in the literature.!,2 

It is possible that the complexity of the luminescence bands of such mixed 
phosphors is evinced in the above described complex variation of the luminescence 
output. There is some divergence between our results and the data reported by 
Bundel' & Rusanova3. A possible reason for this divergence may be differences 
in the synthesis conditions. 

I take this opportunity to express my deep gratitude to V.L.Levshin for valu- 


able advice and interest in the work and to S.A.Fridman for making available the 
necessary reagents. 


Physics Faculty 
Moscow State University 
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CRYSTAL PHOSPHORS WITH A HETERODESMIC STRUCTURE 
- M.A. Konstantinova-Shlezinger 


In investigating the luminescence of inorganic crystal phosphors in most 
cases experimenters study luminophors of the alkali halide or zinc sulfide type. 
yet crystal phosphors with a heterodesmic structure, with complex ions (phos- 
phates, silicates, tungstates and so on) are more convenient, at least for the 
first two stages of investigation. 

The activator concentration in them is much higher!, while the influence of 
harmful and difficult to detect contaminants is lower. There are extensive and 
as yet unutilized possibilities of partially replacing one type of ions by an- 
other and of varying the composition and structure of the luminophors at will. 
The influence of extraneous, interfering factors, for example, the excitation in- 
tensity, is weaker in most cases for these luminophors. 

Not infrequently investigators "transfer" to these luminophors the ideas 
and models derived from investigation of alkali halide and sulfide phosphors; 
for instance, it is often assumed that the ability of such phosphors to luminesce 
is also connected with imperfections or defects in the crystal lattice.2 As sub- 
stantiation of this, there is cited the fact that the composition of the initial 
batch in most cases does not correspond to the stoichiometric composition of the 
synthesized luminophor. 

In the present report I shall describe some of the results of experimental 
research carried out by our group - Gorbacheva, Leonov, Maksimova and Osiko - 
and on the inferences regarding the nature of crystal phosphors of this class 
following therefrom. 

Gorbacheva? investigated the variation of the luminescence properties of 
cadmium phosphate luminophors with the conditions of precipitation of the initial 
phosphates and showed that only under certain conditions are they precipitated as 
individual phosphates with a definite composition and that only in such cases are 
there obtained bright luminophors. Their composition and structure, or more pre- 
cisely, interplanar spacing, were established by Gorbacheva by Debye diffraction 
patterns and by chemical and differential thermal analyses. If the precipitated 
phosphate is not a single one, but contains admixtures of other phosphates, there 
appear in its heating (thermographic) curve auxiliary effects, evincing the in- 
fluence of these impurities. This was demonstrated by Gorbacheva who compared 
the heating curves of mixtures with different relative contents of two individual 
phosphors obtained by precipitation (Fig.1).* 

Maksimova in synthesizing phosphate cathodoluminophors utilized the procedure 
of recording the heating curves of the precipitated phosphates for the purpose of 
evaluating the degree of their individuality (singleness) and consequently their 
cathodoluminescent quality (Fig.2). 

These data are in conflict with the conventional views? mentioned above and 
lead to the model concept of crystal phosphors as integral crystallochemical sys- 
tems, the imperfection of which consists in the fact that the periodicity of sete 
crystal is disturbed by partial replacement of the host crystal ions (or atoms) 
by activator atoms. The nonstoichiometric composition of the initial batch is 
explained by the fact that they are obtained as a result of reactions in the 
solid phase, which, as was shown years ago by Hedvall4, usually do not go to com- 
pletion. Hence the composition of the batch is generally chosen so that afte 
heating there will remain unreacted only such components as do not have an aavatal 


*In her thesis N.A.Gorbacheva shows simil 
o fhe r : 
mixtures of other phosphates. ar curves but obtained in heating 
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Fig.1. Heating curves for mixtures of cadmium phosphate Cd3(P04) 9° 2CdHPO4*aq (I) 
and CdNH4PO4°aq (II) taken in different proportions; a) 10% I and 90% II, b) 20% 
tT ceraon: 1, d). 40%, 2%, e)) 50%: 1,,f).60% I, g) 70% I, h) 80% I and i) 90% I. 


| @ | (6) effect on the luminescent 
properties of the phosphor. 
ip This case has been analyzed 
in the work of Ouweltjes & 
Wanmaker®, who explain the 
necessity of having an excess 
amount of magnesium oxide in 
the initial batch for prepar- 
ing magnesium tungstate lumi- 
Fig.2. Heating curves for precipitated SrHP0O4°aq: nophor by the necessity of 
a) “pure” individual phosphate, b) with an admix- avoiding the presence of un- 
ture of other phosphates. reacted WOg in the final pro- 
duct; with an excess of MgO 


the luminophor is formed on the surface of the magnesium oxide grains and the re- 


maining unreacted components have no harmful effect. 


KJ 


Leonov® investigated in detail mixed tungstate luminophors and showed that 
to obtain the maximum brightness of 2Li20-Mg0°W03:Mn phosphor, the batch should 
contain an excess of tungsten trioxide, and the final product an admixture of the 
easily fusible phase, lithium tungstate. When the manganese is introduced in the 


form of sulfate, the excess amount of tungsten trioxide must be greater than when 


the batch is activated with manganese chloride (Tmejt = 650°); in the case of 
activation with uranium, the lack of an excess amount of WO3 can almost be com- 


_ pensated for by prolonged heating. 


A AN 


According to the data of Osiko’, a different situation obtains where an ex- 
cess of silicon dioxide in the initial batch for Zn2Si04:Mn luminophor is con- 


Fig.3. Repeat heating 


of CdSO, synthesized 


by heating at 800°. 
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cerned. He demonstrated that there forms a phase of 
varying composition, characterized by the same lumi- 
nescence properties in a wide range of composition. 

Many of the distinctive properties of the lumino- 
phors of this class can be understood from the stand- 
point of the proposed model concept; in particular, 
one can explain the irreversible changes observed in 
some luminophors when these are reheated to a tempera- 
ture below the temperature of synthesis. Thus, for 
example, CdSO4:Mn phosphor is obtained by heating at 
about 800°; upon repeat heating of the phosphor, it be- 
gins to darken at about 250-300°. Maksimova® investi- 
gated this phosphor in detail and showed that the tem- 
perature of darkening corresponds to a polymorphous 
transformation evinced by exothermic effects at 247-2289 
and 335-385° (Fig.3); the high temperature modification, 
which is not in equilibrium at room temperature, trans- 

forms to the low temperature modifi- 


Relative cathodoluminescence brightness of cation. Upon further heating the 
Zn3(PO,4) 9:Mn phosphor synthesized at 1000° darkened luminophor again turns white 

after second heating and begins to luminesce; there is 
TS EL OS TL OT ea again obtained a crystal phosphor but 


Temperature of, 
second heating, °C 


Heating 
time, hrs. 


Relative in a different modification. 


Initial phosphor 
300 
450 
600 
800 


875 


900 


wooo ce | 


brightness 
— At the high temperatures at 
which luminophors are normally synthe- 
99°5 sized metastability of the crystal 

22,0 compound forming is probably the rule 
AEE nr sure rather than the exception. However, 
green (modification crystal phosphors differ as regards 

the height of the energy barrier 

which must be overcome to transform 

the metastable modification into a 
stable one. 

In the case of zinc phos~ 
phate phosphor activated with 
Mn the transition from the 6 
modification, which luminesces 
green, to the @ modification, 
which luminesces red, begins at 
a temperature of about 950°. 

The high temperature "red" q@ 
modification is stable at room 


Fig.4. Heating curves for Zn3(PO4) 5: Mn phos- temperature and, as Maksimova 
phor: a) primary heating, b) secondary heating. showed, three hour heating at 


luminescence brightness (Table 1). 


an elevated temperature has lit- 
tle or no effect on the cathodo- 
The scatter of brightness values lies within 


the limits of the experimental error. At a temperature of 100-150° below the 


temperature of transition from the 8 to the @ modification M 
aksimova succeeded 
in detecting in the differential heating curve an exothermic effect at 740-790° , 


corresponding to the q@ to B transition (Fig. 4). 


Heating at this temperature 


changes the color of the cathodoluminescence; it becomes green. 
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If our concept regarding luminophors of the type in question as consummate 
tive crystallochemical systems is correct, the possibility of formation of 
phosphors with a given type of activator is determined by the same conditions as 
obtain for any inorganic compound. This means that in addition to the ionic radii, 
the coordination numbers, and so on, a significant role must be played by the 
energy balance of the reactions involved: the formation of the luminophor must 
be accompanied by a decrease of the free energy of the system and this decrease 
must be appreciably greater than in the case of segregation of an activator or 
other intermediate compounds into a separate phase. From this standpoint we can 
understand why some activators, regardless of the atmosphere in which the lumino- 
phor is synthesized, may be present in different valence states; this may be the 
case, for example, for manganese and europium. Maksimova used the procedure de- 
veloped by KrogerlO for determining the valence of manganese and investigated a 
large number of luminophors with different colors of luminescence.* The results 
obtained by her are shown in Tables 2 & 3 (the oxidation equivalent numbers were 
obtained on the assumption that manganese is tetravalent). 


defec 


Table 2 
C N are 
ecoior of | Om | Baten, lnber of oxtdatien 
Luminophor luminescence | 4.-3 é/¢ F Ret varel exer ae meets 
theo. | eX. 
7n2SiO, — Mn Green 5 0,4 ~54 (0) 
Zng (PO4)2 — Mn Green 1,29 0,4 19,2 0) 
7ns (PO4)z — Mn Red I PAS) 0,4 MOR O 
SrzP,07, — Mn Yellow oe 0,4 74 O 
CdSO,4— Mn Rose 5 Ono 54 0,638 
CdSO4— Mn Green modifi- 5 0,3 04 0,25 
cation 
Mg.P,0; — Mn Red 123. Ose 13,4 0,59 
Table 3 
Cy Batch, iNumber of oxidation 
ve ee ee ee eg ap é * lequivalents (x 10¢) 
( seni spectrum =) theo. | exp. 
MgsGeO,— Mn Discrete 10,3 Ane Dn sae 
Me2TiO — Mn* : 1 sl ’ 2, Zs, 
Mg,TiO, — Mn** Discrete 4°7 0,3 1:8 | 2/08 
LisTi03 — Mn bands 8 0,2 5,8 | 5,12 
Mg.Si0O, — Mn spectrum 1,36 0,4 1,48 1,48 
1 eg studied 0,95 (Ors) TOA aL AIG 


MgSiO3 — Mn 


*Activator introduced in the form of MnoTiO,. 
** Activator introduced in the form of MnClo. 
***The luminescence of all these phosphors is red. 


Luminophors activated by both tetra- and divalent manganese exhibit red 

’ luminescence; however, a discrete structure of the luminescence spectrum is ob- 
served only with valence four. All the luminophors were heated by Maksimova in 
the same atmosphere in a Silit red electric furnace; consequently the valence of 
the manganese was not determined by the thermodynamic conditions of formation of 
the manganese oxide as is sometimes inferred19, The results obtained by Maksimova 
show that Mn as the activator is tetravalent only in luminophors wherein the cat- 
jon in the crystal lattice is magnesium or lithium, i.e., where the cation radius 


*A detailed description of the analyses carried out by her will be given by 
Maksimova in a separate report. 
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is very small (Lit - 0.68 A; Me2+ - 0.74 A; Mn#t - 0.52 &). A discrete structure 
of the luminescence spectrum was also found for Al 503: Mn luminophor (A1 3+ radius = 
= 0.57 A); in this case, too, the manganese is tetravalent. We found no indica- 
tions in the literature of discrete structure of the luminescence spectra of man- 
ganese in phosphors comprising cations other than lithium, magnesium and aluminun. 

Another conclusion ensuing from our model concepts regarding crystal phos- 
phors is the following. It has been shown experimentally for a large number of 
organic compounds that the ability to luminesce is evinced only if their molecules 
have a certain rigidity precluding exchange of excitation energy over vibrational 
degrees of freedom. In the case of organic molecules this is achieved in some 
cases by the introduction of addition atoms or groups and in other cases by pre- 
paring adsorbates or using viscous solvents. In contrast, in the inorganic crys- 
tal phosphors under consideration rigidity is an inherent, natural characteristic, 
the position of all the ions including the activator ion and the anions surround- 
ing it is fixed by electrostatic and covalent forces, i.e., by coupling with all 
the neighboring ions. Spatial displacement of the ions from the equilibrium posi- 
tion in the excited state as compared with the unexcited one is little probable, 
in other words, there is little probability of intersection of the Franck-Condon 
curves (surfaces) for the excited and unexcited states and little probability of 
excitation energy exchange over the vibrational degrees of freedom. 

Thus the ability to luminesce is an inherent property of most crystallochemi-. 
cal systems with a consummate defect structure; the questions are whether they can. 
be obtained with a given activator, whether they absorb in the requisite region 
of the spectrum, and how one can eliminate or suppress different extraneous fac- 
tors tending to quench the luminescence. 

It follows from all the above said that of the three principal stages of in- 
vestigation of crystal phosphors, the first two, namely, determination of the com-- 
position and structure and investigation of the luminescence properties in rela- 
tion to the composition and structure, are more conveniently realized in the case 
of phosphors with a heterodesmic structure, with complex anions. The complexity 
of their crystal structure can give rise to difficulties only at the third stage, 
i.e., in interpreting the luminescence properties from the standpoint of present 
day physical concepts. 


"D.N, Lebedev’ Physical Institute, 
Academy of Sciences of the USSR 
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FLUOROPHOSPHATE LUMINOPHORS OF THE WAGNERITE TYPE 
- N.A.Gorbacheva 


Halophosphate luminophors of the apatite type with the general formula 
3R3(PO4) 9°RX5, where R = Ca, Ba or Cd and X = F or Cl are well known. 

Calcium chlorofluorophosphate, 3Ca3(PO,4) 9°Ca(F°Cl)5, activated with anti- 
Bony or manganese has found extensive use as a single component coating for 
"fluorescent" lamps!-8, We investigated the possibility of utilizing the struc- 
tures of other natural minerals for the synthesis of phosphors. 

In examining the properties of different minerals our attention was at- 
tracted to wagnerite described by the formula MgoP0,F. 9 Initially we obtained 
artificial wagnerite by heating a batch consisting of MgO, MgF and (NH 4) 9HPO4 
at 1000°. To insure the solid phase reaction going to completion we initially 
took the ammonium phosphate in a 2% excess above the stoichiometric proportions. 
It was found, however, that there then remains unreacted MgFo9, which is an in- 
ert ingredient. We detected the presence of the MgF9 phase by luminescence ana- 
lysis. To this end the base material synthesized by joint heating of MgF9, MgO 
and (NH4) 5HPO, was reheated at 10009 with 2.5% Ti0,. With excitation of the 
sample heated with titanium dioxide by ultraviolet (2537 A) against the dark 
background of the wagnerite mass there were observed very fine scattered parti- 
cles with yellow luminescence; this was the second phase (MgF9) activated by the 
Ti0g (MgpPO4F is not activated by titanium dioxide). 

In order to obtain a single phase MggPO4F system we used substances which 
decompose before reacting; in this case the reaction is described by the equa- 
tion 

2MgCO3 + NH4F + (NH4) gHPO —> MgoPO4F + 2COo + 2H20 + 3NH3. 


The heating should be carried out in two stages: 1) 1 hour at 500° and 2) 
for 30 min at 1000°. No particles of yellow luminescing luminophor were detect- 
ed upon reheating this product with Ti09. Consequently, in this case the system 
does not contain MgF9. Debye powder patterns also showed that in this case MgFo 
is absent; there were also no indications of either Mg3(PO4) 2 or MggP 907 which 
might form in the reaction. Using similar procedures we synthesized the com- 
pounds CagP0,F , SroPO,F, BaoPO,F, Zn5PO,F and CdoPO,F. The heating temperature 
was varied depending on the fusion point of the synthesized substances. We 
tested a number of possible activators in conjunction with the enumerated com- 
pounds, but only with a few of them did we obtain effective luminophors. These 
are listed in Table l. 

It must be noted that manganese activates only MgpPO,F; when doped with Mn 
the compounds CajPO,4F, SroPO,F and Ba,Po,F yield colored products probably ana- 
logous to the mineral sarcopside: [(Fe2*, Mn, Ca) oPO4F].9 

Of greatest interest in our opinion are the cathodoluminophors MgpPO,4F:Mn, 
which luminesces red, and CagPO4F:Dy, which luminesces yellow and has a persist- 
ent afterglow. 

So far we have not succeeded in obtaining any promising photoluminophors 
on the basis of pure wagnerites. 

Next we turned to synthesis of luminophors with mixed cations and obtained 
compounds in which 1/3 of the Mg was replaced by a divalent cation, namely, 
(Mg,Ca) 2PO,F, (Mg,Sr) 2PO4F, (Mg ,Ba) 97PO,F and (Mg,Zn) :PO4F. It was found that 
all these base materials when activated by manganese are excited by ultraviolet 
(365 mi) and emit red luminescence. 

A different situation obtains in the case of excitation by electrons. We 
noted (visual observation) that in this case the color of the luminescence 
changes with change of the substituent cation. At our request, Yu.V.Voronov 
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Table l 
Photo-(I) and cathodoluminescence (II colors of the synthesized luminophors 
Activator 
Host Mn Sb Dy Eu | sm 
I Il I II I Ul Luehigll I | il 
iad, Rose Rose 
Mg2PO4F Woak red |Red Sl oe 
We G00 mu 
Ca,PO4F ante Blue Blue Yol- | Red | Blue 
Sr,POgF Colored We 253m | JoOK 
BaP Ou compounds excit. 
Cd,PO4F Yellow w. |Or— 
eos mu ange 
excit. 
Zn,PO4F Red— 
or— 


14 


40 


06 


U2 


490 


oO 
570 


650 


Emission spectra of 


wagnerite and two cat- 


2A,mp 


recorded the emission spectra 
with cathode-ray excitation. 
ed from screens with the tube 


Te 


the two cation compounds activated by 
shown in the accompanying figure. 
from the figure that the luminescence 


of these luminophors 
The spectra were record- 
operated at 15 kv and 

of wagnerite and 
manganese are 
will be seen 

of the "progeni- 


10-7 amp/cm2. The emission spectra 


It 


tor’ of this group of luminophors, MgoPO,4F, consists 
of overlapping bands; the peak of the first band is 
situated at 640 mu, the peak of the second at 660 mu. 
Possibly there are other bands lying beyond 700 mu. 


The complex character of the red band of Mg2PO,F: 


:Mn indicates that the manganese is present in the 
tetravalent state; we infer this by analogy with the 
case of MgoTi04:Mn investigated by Krégerl9, Replace- 
ment of part of the magnesium by the enumerated diva- 


lent cations with gradual increase of the radius of 


the substituent cation (Table 2) leads to a change in 


ion compounds activated a 
by manganese; l - 

(Mg,Zn) .PO,4F:Mn, 2- 
MggPO04F:Mn, 3 - (Mg, 
Ca) 9PO4F:Mn, 4 - (Mg, 
Ba) 2PO4F:Mn, 5 - (Mg, 
Sr) 2PO,F: Mn. 


Host 


cation 


Zn2t 
Ca2t 
Sr2t+ 
Ba2t 


the appearance of the luminescence spectra, i.e., to 


redistribution of the energy among the bands. 
Upon replacement of part of the magnesium cations 


in wagnerite by zinc, calcium or strontium, the lumi- 


nescence peak at 640 mu remains distinct, but the peak 
at 660 mi becomes increasingly weaker with increase in 
the radius of the substituent cation. As will be evi- 
dent from the figure, the change in the luminescence 
color from red-orange for (Mg, Zn) 2PO,F: Mn to 


Table 2 yellow for (Mg,Ca)>PO,4F:Mn and (Mg,Sr) 5PO,F is 
due not only to redistribution of the energy be- 
i e ae tween the 640 and 660 mu peaks but also because 
A tion A the spectra of these luminophors are shifted to 
beds Sos A the side of shorter wavelengths as compared to 
0'83 Shit 0°67 MgoPO,F:Mn. In the case of partial replacement 
1,04 Gn2+ 1,02 of magnesium by barium, which has a larger ionic 
ia radius, the color of the luminescence becomes red 


The emission is more intense in the second band 
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and only its maximum is clearly pronounced; this is indicative that there occur 
more profound changes in the structure of the luminophor than in the case of re- 
placement of the Mg by Zn, Ca or Sr. 

In order to compare the structures of the investigated luminophors, we re- 

- corded the Debye powder patterns of the non-activated compounds in RKU-86 and 
RKU-114 diffraction cameras. From a comparison of the interplanar spacings and 
the intensity of the lines in the powder patterns it may be inferred that in 
case of replacement of the Mg by Zn or Ca the basic wagnerite lattice is retain- 
ed, although there does occur some redistribution in the intensity of the dif- 
fraction lines; in the case of (Mg ,Ba) 5PO4F there forms a compound with a struc- 
ture differing from wagnerite. The compound (Mg ,Sr) 5PO4F has a distinctive at- 
tribute; in contrast to the other mixed ''wagnerites”, when irradiated with ) = 
= 1.54 A it apparently yields x-ray radiation, which we were unable to suppress 
and which fogs the film. We plan to investigate this effect further, but at 
present can give no further information on the structure of (Mg ,Sr) 2PO4F. 

Of special interest are experiments on activation of mixed "wagnerites"” by 
tin. As is known, recently there have been synthesized Sn activated orthophos- 
phate and pyrophosphate luminophors and these are now coming into use for "fluo- 
rescent” lamps. Butlerll found that for obtaining luminescing materials the tin 
must be present in the divalent state (this may also be inferred from comparison 
of the ionic radii: only divalent Sn can replace Ca, Sr and Ba - see Table 2). 
In heating in air, however, the tin oxidizes to the tetravalent state; hence a 
second heating must be carried out in a rigorously controlled reducing atmosphere 
(otherwise the tin may be reduced to the metallic state). The need for repeated 
heating and the necessity of rigorous control of the reducing atmosphere greatly 
complicate the technology of these luminophors. 

Tin exhibits a somewhat different behavior in the mixed "wagnerites’ (Mg, 
Ca) 5PO4F, (Mg,Sr) 9PO4F and (Mg ,Ba) 9PO,F. When the tin is introduced into the 
batch in the form of Sn0Og and the material is heated twice, first at 600° and 
then at 1000°, there are formed luminophors yielding luminescence ranging from 
violet to blue. These materials do not have to be heated in a reducing atmos- 

phere; apparently, the tin enters these luminophors in the tetravalent state 
(the ionic radius of sn4* is 0.67 A), readily replacing the magnesium (ionic 
radius 0.74 A). 

Work on the synthesis of the described luminophors and on investigation of 
their luminescence centers is continuing. 

I desire to express my sincere gratitude to M.A, Konstantinova-Shlezinger 
for guidance and Yu.V.Voronov for assistance in the work. 


"D.N, Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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CHARACTERISTICS OF THE CRYSTAL PHASE OF ZINC SILICATE AND THE LUMINESCENCE 


PROPERTIES OF Mn ACTIVATED ZINC SILICATE LUMINOPHORS 
- V.V.Osiko 


The luminescence properties of zine silicates activated by manganese have 
been discussed and analyzed repeatedly. It is generally assumed that their char- 
acteristic green photo- and cathodoluminescence is associated with a specific 
chemical compound, namely, zinc orthosilicate, in the crystal lattice of which 
part of the Zn2+ ions are replaced by Mn2+ ions. The phase diagram of the bi- 
nary system zinc oxide-silicon dioxide! shows that there forms only one compound 
in the system: 2Zn0*Si0,. In the preparation of this phosphor, however, the ini- 
tial components of the batch - znO and Si09 - are generally taken in proportions 
differing from the stoichiometric to the side of an excess Si05. Leverenz2 show- 
ed that the brightness of the cathodoluminescence does not change up to Zn0:Si0., 
= 1:1. The two oxides are taken in this proportion in commercial production of 
this phosphor for ‘fluorescent'’ lamps. 

The purpose of the present research was to elucidate the variation in the 
luminescent properties of zinc silicate phosphors activated by manganese as a 
function of their chemical composition and the conditions of preparation. The 
luminophors were prepared by heating zinc oxide and silicon dioxide with a cer- 
tain amount of magnesium nitrate. We varied the composition of the luminophor 
within the range of the formula 


qd - x) ZnO* xSi05°0.012Mn (Xi ,UeLOel i. 


As will be evident from the formula, the concentration of manganese in all 
cases was equal to 0.012 gram atom Mn per formula weight of the hose, which is 
equivalent to ~1% by weight. The time and temperature of heating were varied 
over a wide range. Curves characterizing the brightness of the photo- and catho- 
doluminescence of the phosphors as a function of the composition for different 
heating temperatures are shown in Figs.1 & 2. It will be evident that the char- 
acter of the curves in both cases depends on the heating conditions. In contrast 
to the cathodoluminescence curves, the curves obtained for photoexcitation com- 
prise plateaus. Curves 4 (Fig.1 & 2) pertain to mechanical mixtures of previous- 
ly prepared silicon dioxide and the stoichiometric orthosilicate luminophor. It 
was established that variation in the shape of the curve occurs only up to a cer- 
tain limit: no further change in the curves is observed at a result of prolonged 
heating beyond 12-15 hours at 1350°, 

We investigated the phase composition of the luminophors subjected to pro- 
tract-heating (20 hours at 1350°) by different physical-chemical procedures. We 
also recorded Debye powder patterns for the zinc silicates of different composi- 
tions (these will be published elsewhere). 

With increase of the silicon dioxide content above the stoichiometric pro- 
portion there occurs a redistribution in the intensity of some of the zinc ortho- 
silicate lines.* No lines characteristic of any modification of silicon dioxide 
are evinced in the emission; instead there appear several new lines. 

Fig.3 shows the results of optical investigation of the zinc silicates by 
means of the microscopic immersion procedure. By submerging samples of the pow- 
ders into liquids with different indices of refraction, we determined the upper 
and lower bounds of the refractive indices of the phosphor crystals. It will be 


*In our case we are dealing with Q-Zn2Si0,4; under our preparation conditions 
the other two modifications (8 and y) cannot form. 
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20 40 60 $0 100 20 40 60 80 100 


Si05, mole % Si0s, mole % 
Fig.l. Figs. 


Fig.l. Variation of the relative photoluminescence brightness with the composi- 
tion of zinc silicate phosphors: 1) heating for 30 min at 1250°, 2) 4 hours at 
1350°, 3) 20 hours at 1350°, 4) zZn2Si0,4:Mn (20 hours at 1350°) + Si09g (20 hours 
at 1350°). The brightness was measured by means of a universal FM photometer 
with excitation by the light from a low-pressure mercury vapor tube. 
Fig.2. Same as Fig.1 but for cathodoluminescence. The brightness was 
measured by means of a selenium photocell with excitation by an electron 
beam with a voltage of 10 kv and a current density of 1077 amp/em?. 


Nnax- min evident from the figure that these bounds are 
characterized by smooth curves rather than hori- 
zontal straight lines, which would be obtained if 
the system were a two phase one. 

These results show that the phosphor system 
over its entire range of compositions from zinc 
orthosilicate to silicon dioxide is a single 
phase one and is consequently a phase of variable 
composition. Thermographic analysis led to the 
same inference. 


i] 20 40 60 60 —«100 It must be noted that in the given case there 
Si0s, mole % are structural factors favoring the formation of 


 Fig.3. Variation of the upper a phase of variable composition, namely, the pres- 

and lower bounds of the index ence of identical structural units - silicon-oxy- 

- of refraction of Mn doped zinc gen tetrahedra - and the fact that the coordina- 

silicates (heated 20 hours at tion number of the zinc and silicon atoms with 

1350°) with their composition. respect to the oxygen is always the same (four). 

: We compared the formula volumes normalized to one 
gram-atom of oxygen for samples of different composition; the values of the formu- 
la volume characterize the packing density of the oxygen ions in the structure. 
For these calculations we used the experimentally determined values of the speci- 

fic gravity of the phosphors in powder form. We obtained the same formula volume 

value for all compositions from the stoichiometric orthosilicate to silicon di- 

oxide, i.e., we found that the packing density of the oxygen ions is constant. 

This fact again points to the formation of a single phase of variable composition. 

There are also grounds for assuming the formation of a single phase in view of 

the characteristics of the process of preparation of the phosphors. These phos- 
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phors are formed in the process of a solid phase reaction 

and subsequent solid phase crystallization. Under these | 
Fe conditions, owing to the low rate of diffusion in solid 
phases, separation or stratification of the uniform sys- 
tem into two phases - zinc orthosilicate and silicon di- 
oxide - is obviously hampered. In contrast, in the case 
of crystallization from nonviscous silicon melts, the 
rate of diffusion of ions is much higher and stoichio- 
metric zinc orthosilicate can crystallize out. 
i Thus the formation under the synthesis conditions 
employed of a phase of variable composition does not con- 
flict with the equilibrium phase diagram. The system in 

this case does not actually attain the equilibrium con-- 

Fig.4. Luminescence spec- dition and the fact that with protracted heating (20 


Z 500 550 AML 


trum of zinc silicates hours at 1350°) there is no spontaneous stratification 
with manganese in the into two phases indicates that the system is metastable: 
composition range from as regards the heating temperature. 

0.66 Zn0-0.34Si05:0.12 Only one crystallochemical structure is consistent: 
Mn to 0.252n0°0.75Si05; with all the experimental data, namely, the Q-Zn2Si04 
:0.012Mn. structure in which the zinc atoms at the tetrahedral 


sites are gradually replaced by silicon atoms. It is 
evident that one silicon atom must replace two zinc atoms with the resultant for- 
mation of one tetrahedral vacancy. Thus the zinc orthosilicate structure may 
gradually go over into the structure of one of the modifications of tridymite. 

It is known that the luminescence spectra and other properties of crystal 
phosphors the matrix of which is a solid solution may vary with the composition. 
Classical examples are zinc-cadmium sulfide phosphors and sulfide-selenides. In 
such cases the variation in luminescence properties can be associated with changes | 
in the lattice parameters or with changes in the chemical composition of the lumi-: 
nescence centers. In our case the luminescence centers are Mn2*t ions replacing 
the zn2t ions in the host lattice. The structure of the luminescence centers does 
not change with change in the composition of the zinc silicate phase: the centers 
are still the same divalent manganese ions surrounded by oxygen ions; there also 
occurs no change in the lattice parameters as is evinced by the absence of any 
shift in the lines in x-ray diffraction patterns and the invariance of the oxygen 
packing density. It would follow therefore that the luminescence spectrum of 
zinc silicate activated by manganese should be independent of the composition in 
a wide range. We recorded the luminescence spectra of several thoroughly heated 
samples with compositions ranging from that of the stoichiometric orthosilicate 
(0.66 Zn0-0.34 Si09:0.012 Mn) to 0.25 zZn0°0.75 Si09:0.012 Mn. All the points fall 
precisely on the spectral curve for the stoichiometric luminophor (Fig.4). This 
result is in conflict with the data of Leverenz?, Moskvin® and other authors, ac- 
cording to whom the luminescence spectrum changes with increase of the Si095 con- 
tent above the stoichiometric: presumably the long wavelength portion of the spec- 
tral curve becomes flatter and its peak is shifted to the side of longer wave- 
lengths. 

This discrepancy is, however, only apparent. Actually, most authors worked 
with nonequilibrium zinc silicates forming as a result of relatively brief heat- 
ing. In this case the changes in the luminescence spectrum observed with varia- 
tion in the phosphor composition are due to appearance of an orange-red component 
which is probably associated with location of part of the Mn2+ ions in the octa- 
hedral vacancies of the disordered structure. 4:5 With more protracted high tem- 
perature heating of the nonstoichiometric zinc silicate phosphors the orange-red 
component in their luminescence spectrum gradually weakens and finally disappears. 
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Fig.5. Glow curves: 1) 0.65 Zn0°0.35 Si0o:Mn, 2) 0.60 zn0*0.40 Si0o:Mn, 3) 0.50 
zn0°0.50 Si0o:Mn. Heating rate 4.5 degree/min. 


The glow curves for three luminophors with different composition are shown 
in Fig.5. It will be evident that the temperatures of the peaks remain virtual- 
ly the same, whereas if there were changes in structure one might expect evidence 
of corresponding charges in the system of trapping levels. Thus this behavior 
of the thermostimulation curves is also consistent with the assumption that there 
forms a phase of variable composition. One can also explain the difference be- 
tween the photo- and cathodoluminescence brightness curves (Figs.1 & 2). The 
fact that the photoluminescence brightness is independent of the composition in 
a wide range of compositions, on the one hand, and the observed decrease in the 
cathodoluminescence brightness with increase of the Si02 content, on the other 
hand, can be explained by a difference between the photo- and cathodoluminescence 
- excitation mechanisms in the luminophors subjected to protracted heating.* As 
is known from the work of Kréger® the photoluminescence of Mn activated zinc sili- 
cates is due to absorption of exciting radiation in the activator band Qmax = 
= 250 mi). This being the case, one can expect a weak structure dependence of 
the luminescence brightness. In the case of cathode-ray excitation, the electron 
energy is absorbed by the zinc silicate lattice and in this case the formation of 
vacancies in the structure can readily lead to decrease in the efficiency of ener- 
gy transfer from the lattice to the luminescence centers. 

I take this opportunity to express my deep gratitude to M.A. Konstantinova- 
Shlezinger for her guidance in the work. 


"DN. Lebedev’ Physical Institute, 
Academy of Sciences of the USSR 
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LUMINESCENCE CENTERS IN SAMARIUM ACTIVATED ZINC SULFIDE PHOSPHORS 
- Z.A.Trapeznikova 


If zinc sulfide is doped with one of the rare earth elements the resultant 
phosphor has a line luminescence spectrum characteristic of the given rare earth 
ion. The luminescence proc ae of such rare earth activated phosphors, as was 
shown in earlier studies a5 depend on the composition of the gaseous medium in 
which the phosphor is synthesized and on the presence of extraneous substances 
as, for example, zinc oxide, halide, etc. or a second activator, for example, 
copper. 

This indicates that there form in the phosphors different luminescence cen- 
ters depending on the conditions of preparation. By luminescence center here we 
understand not merely an activator ion per se but an activator ion with its im- 
mediate ambiance; hence the formation of different types of luminescence centers 
is entirely feasible if in addition to an activator, copper, oxygen or chlorine 
ions are introduced into the zinc sulfide. 

It is not impossible, however, that there may also form several different 
types of luminescence centers in cases when no extraneous atoms are introduced. 
This may occur, for example, when the incorporation of the activator is accom- 
panied by the formation of anionic or cationic vacancies, which may form in the 
case of introduction of activators with a valence differing from that of the host 
atoms. Some of the vacancies may be located close to the activator ions and form 
new luminescence centers in conjunction with them. New and different luminescence 
centers may also appear upon increase in the concentration of the activator when 
the activator ions can link up in pairs. 

The present work was undertaken with a view to experimental determination of 
the possibility of formation of different types of luminescence centers under 
these conditions. By way of activator we chose samarium inasmuch as the struc- 
ture of its luminescence spectrum, as earlier studies showed, is very sensitive 
to changes in the immediate ambiance of the Sm ions. 

The samarium activated phosphors were prepared in the following manner. 
Luminescence pure zinc sulfide was treated with hydrogen sulfide at 900° to re- 
move all oxygen containing impurities. The criterion for purity was absence of 
the green and blue luminescence of zinc sulfide with excitation by 365 my light. 
Usually after such treatment zinc sulfide has a very weak reddish luminescence. 
The samarium was introduced in the form of the sulfide in order not to introduce 
an anion extraneous to the base material. Each batch consisting only of zinc 
sulfide and samarium sulfide was thoroughly ground and mixed and then placed in- 
to an ampoule which was evacuated to 5-10-© mm Hg while heating at 130°. Upon 
attainment of the indicated vacuum, the ampoule was sealed and placed in a fur- 
nace maintained at 1150°. The phosphors were also prepared by heating in a 
stream of oxygen-free nitrogen. 

For formation of a phosphor the heating temperature must be above 1020°. 
Heating of the batch at 10009 or lower does not result in formation of a phosphor 
with a characteristic Sm3+ luminescence and absorption spectrum; heating at 1070° 
or slightly above yields a good piosphor. This indicates that the samarium ions 
can be incorporated only into the looser structure of hexagonal zine sulfide. 

In the absorption spectrum of ZnS:Sm there were observed 24 lines in the re- 
gion from 415 to 569 mu; these are listed in Table l. 

The absorption lines of Sm3+ can be observed for phosphors with samarium con- 
centrations equal to 5-10-4 gram-atom/mole ZnS and higher. With increase in the 
Samarium concentration there occurs an increase in the absorption line intensit 
but the wavelength and relative intensities of the lines remain the same. The a 
sorption spectrum does not depend on the gaseous medium used in heating ate fre- 
quency of the lines also does not change with reduction of the temperature to 77K. 
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Table 1 
Absorption spectrum of Sm3+ in zinc sulfide at 779K 


Characteristics 


1 Narrow, very weak Diffuse, weak 

2 Diffuse, very weak Diffuse, medium 

3 Narrow, weak | g a 

4 Extremely weak a 

5 Narrow, very weak Narrow, extremely weak 
6 Diffuse, extremely weak | = u if 

rf Narrow, very weak Extremely weak 

8 Narrow, very weak a f 

9 Narrow, weak . 
10 4906 | Diffuse, very weak 22 Diffuse, weak 
rz | 4883 | Wide, strong 23 Wide, very strong 
12 | 4844 Diffuse, very weak 24 Wide, extremely strong 


The principal bright luminescence of the rare earth ion is not due to direct 
absorption of light by it; the luminescence appears as a result of light absorp- 
tion by the zinc sulfide and also by the centers responsible for the "blue" lumi- 
nescence of activatorless ZnS. This was demonstrated in earlier studies!»2 of 
the excitation spectra of ZnS:Sm and other phosphors. Later it was found that the 
“blue” and “samarium'’ centers are distributed independently in the zinc sulfide, 
i.e., do not represent single formations‘, 

Energy transfer from the absorbing ‘blue’ centers to the "samarium" centers 
is realized through the valence band. The luminescence mechanism may be described 
as follows. The "blue centers are ionized upon absorption of 332-334 my light; 
the electrons freed in the process enter the conduction zone from which they go 
to traps formed by trivalent samarium (an sm3t ion represents a local excess of 
positive charge). Upon capturing an electron the samarium goes over into the di- 
valent state. As the result of thermal vibrations the electrons from the valence 
band are "thrown" into the ionized blue” centers, while the holes forming in the 
-valence band migrate through this band. When such a hole approaches a divalent 
samarium ion there occurs recombination of an electron with the hole with simnul- 
taneous transition of the trapped electron to an excited level of the trivalent 
samarium ion; this is followed by radiative transition to the ground state. For 
this transfer of energy from “blue” centers to "samarium" centers there must be 
an activation energy for transfer of the electron from the valence zone to a free 
level of the "blue” center. Investigation of the temperature dependence of the 
blue and orange-red samarium luminescence of ZnS:Sm phosphor substantiated this, 
in that it showed that at a sufficiently low temperature there is observed primari- 
ly blue luminescence.4 For intense characteristic samarium luminescence to appear 
the phosphor temperature must be raised to the point at which transfer of an elec- 
tron from the valence band to the ground level of a “blue” center becomes highly 
probable. 

Investigation of the luminescence spectrum of ZnS:Sm phosphors prepared, as 
- indicated above without the introduction of extraneous anions and cations showed, 
however, that there exist at least three different types of samarium luminescence 
centers to which energy absorbed in the “blue” centers can be transferred. 

As is known, the luminescence spectrum of samarium in zinc sulfide consists 
of three groups of lines: a red, an orange and a green; the most intense is the 
red group. At room temperature and provided the exposure time is chosen so that 
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Fig.1. Photometric trace of 
the luminescence spectrum 
during excitation of ZnS:Sm 
phosphor: Cg, = 1073: gram- 


atom/mole ZnS. 
| 
aa eee ee ees 
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Fig.2. Schematic luminescence 
spectrum during excitation 

of ZnS:Sm phosphor by 365 my 
light: A - at 293°K, B- at 
77K 


Fig.3. Luminescence spectra 
of ZnS:Sm (1073) phosphor 
during excitation with 365 
mu light: 1 - at 293°K, 2 - 
at 779K. 
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the strongest lines of the red group will not be 
overexposed, there can usually be distinguished 
seven lines in this group with the following wave- 
lengths: 639, 644, 649, 652.7, 654, 657 and 660 
mi (Fig.1). 

For purposes of further discussion we shall 
identify these lines by letters as follows: a - 
654, b - 652.7, a‘ - 660, b! - 657, c - 649, and 
d - 644 and 639 my. These lines may be divided 
into four subgroups with characteristic attributes: 
the first group comprises the a and a‘ lines, the 
second and b and b' lines, the third group the c 
line and the fourth group the two lines identified 
by d. 

The intensity ratio of the lines of the first 
and second subgroups varies with the samarium con- 
centration in the phosphor. Reducing the samarium 
concentration to 10-4, 1075 and 10-6 gram-atom/mole 
ZnS in the case of heating in an evacuated ampoule 
or to 107-5 and 107© gram-atom/mole ZnS in heating 
in a stream of nitrogen, one can obtain a phosphor 
yielding a spectrum from which the b and b' lines 
are absent. Increasing the samarium concentration 
to 10-2 one can obtain a phosphor the spectrum of 
which is devoid of the a and a' lines (Fig.2,A). 

At intermediate Sm concentrations there are obtain- 
ed phosphors with spectra including all the lines 
and it is found that the relative intensity of the 
a & a' and b & b' lines varies consistently with 
increase or decrease of the Sm concentration. 

The intensity ratio of the lines of the first 
and second subgroups also varies with decrease of 
the phosphor temperature and also if the phosphor 
is exposed to the action of infrared during excita- 
tion. In the case of auxiliary infrared irradia- 
tion during excitation there is observed an in- 
crease in the intensity of the b & b' lines and a 
decrease in the brightness of the a & a' lines. 
With decrease of the phosphor temperature, on the 
contrary, the brightness of lines b & b' decreases 
and the intensity of lines a & a' increases (Fig.3). 

These data indicate that the a & a' and b & b' 
lines pertain to different samarium luminescence 
centers, ''A" and "B'' centers, which are character- 
ized by different probabilities for electron and 
hole trapping. Under the influence of infrared 


light or heat the ratio of trapping probabilities by these centers changes with 


the result that the intensity 


of the lines corresponding to electron transitions 


in them is altered. Reduction of the phosphor temperature, as was noted above 
favors emission by the "A" centers. Even in a phosphor with a high congenttes aa 
of samarium, in the luminescence spectrum of which at room temperature there are 
observed only the b & b' lines, upon reduction of the temperature there appears 


the a line (Fig.2,B). 
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Table 2 
Conditions Line Zan tee on’ si y 
of prepara- ands! amb! c 7 
pemeeety ain mers (ecg | pelo ot saith 
5 i = = 5 5 8 
observation | 3° | 2° Sadie Be Z d 
of the lumi- | o8/ °-8/nr8 a § 
nescence Berets Gebidines Bw. © 
spectrum & mee ee | 4 a 
Increase in Decreases Increases No change in| At low Sm 
om concentra~- intensity or | concentra- 
tion frequency tions VY = 
= 15 540 & 
15 680 cm], 
i Av = 140 
em71; at 
high Sm con- 
centrations 
Y= 15 520 
& 15 640 em71, 
AY = 120 cm-l 
Reduction of Increases Decreases Increases Decreases & The variation 
the phosphor disappears at | of I, & Ip: 
temperature liquid nitro- | with T and IR 
gen temp. is more com- 
plex than that 
of I, and I. 
IR irradia- Decreases Increases Decreases Complex de- Varies with 
tion during in most pendence; in- | variation of 
excitation cases creases in the Sm concen- 


most cases 


tration & wave- 


length of the 
exciting light. 


The c line, which we put in subgroup three, is present in the spectra of all 
samarium activated phosphors obtained without the introduction of extraneous cat- 
jons and anions. Its wavelength does not change with variation in the Sm concen- 
tration. 

The lines of the fourth subgroup, designated d, disappear from the lumines- 
cence spectrum if the phosphor is cooled (see Figs.2 & 3). Hence it may be in- 
ferred that these two lines are associated with transitions from excited vibra- 
tional levels to the ground state. The wavelength of the d lines and the sepa- 
ration between them change abruptly with change in the samarium concentration: 
at low Sm concentrations the frequency difference is 140 cm71, while at high Sm 
concentrations the separation is 120 cm-l. 

There is also a frequency difference equal to 140 cm-l between the a and a' 
lines which pertain to the "A" centers, forming primarily at low Sm concentra- 
tions; a frequency difference equal to 120 em-l is observed between the b and b' 
lines, corresponding to transitions in the "B" centers which form at high Sm 
concentrations. 


=o Ope 


The experimental data, which are summarized 
in Table 2, can be represented in the form of 
terms of the two centers if we accept that the 
c line in both centers corresponds to an electron 
transition from a higher lying excited level to 
the ground level (Fig.4). The line d must then 
be attributed to electron transitions from vibra- 
tional levels of this excited state. 

Thus it may be assumed that samarium in zinc 
sulfide forms at least two types of centers, the 
luminescence of which can be observed at room 
temperature and at liquid nitrogen temperature. 
The concentration dependence of these centers 
shows that the "A’"’ centers comprise one Sm ion, 


wA" Center "2" Center 
while the "B’' centers consist of two. This ex- 
Fig.4. Terms of the "A" and plains the difference between the trapping proba~- 
"B" luminescence centers. bilities of electrons and holes by these centers. 


Sometimes one can obtain ZnS; 
Sm phosphors in the spectra of 
which the c line becomes very in- 
tense and diffuse with excitation 
by 365 mz light. This is usually 
observed in the case of phosphors 
heated in an atmosphere of hydro=- 
gen sulfide and very occasionally 
in individual samples heated in an 
evacuated ampoule. The luminescence 
spectrum of such phosphors during 
excitation by 365 my light differs 
a b markedly from the spectra obtained 


‘3 
2 


<u 


Fig.5. a - Photometric curves of the lumi- with excitation at wavelengths of 
nescence spectra during excitation of ZnS: 313 and 334 mu (Fig.5). If, how- 
:Sm phosphor heated in H2S: 1) X = 365 m, ever, during excitation with > = 
2) same but with infrared irradiation, 3) = 365 mi the phosphor is irradia- 
X% = 313 mu; b —- the corresponding spectra. ted with infrared, its luminescence 


spectrum becomes similar to the 

luminescence spectrum with 313 and 334 mu excitation. 

If one accepts the hypothesis that Sm in zinc sulfide forms two different 
types of luminescence centers, one can explain the experimental data as follows. 

As was noted above, the excitation of the samarium may occur as a result of 
absorption in the zinc sulfide and in "blue" centers. The absorption maximum of 
the "blue" centers is located at 332-334 mi. The absorption of 365 mi light may 
be due, on the one hand, to absorption by the "blue centers located at regular 
zine sulfide sites - in this case it will be on the side of the absorption band 
of the "blue" centers. On the other hand, it is possible that the 365 mu light 
may be absorbed by "blue" centers located at defect points in the sulfide lat- 
ae The absorption of such "blue'’ centers may be shifted to the long wavelength 

ide. 

In the case of phosphors prepared by heating in hydroge 
form many defects in the form of dislocations, mpebedia en curtacsapaaeee a 
perfections, for example, as a result of adsorption of excess sulfur In this 
case the absorption of 365 my light will occur primarily in the "blue" center 
lodged in these defects. In this case the energy absorbed by the centers will 
readily be transferred to the samarium atoms comprised in the luminescence cen- 
ters also located at these defect points. These luminescence centers, located 


- 1311 - 


not at regular lattice sites,will differ somewhat 

from each other and the samarium ions comprised in 
‘ ‘ them will be subjected to the action of fields dif- 

fering somewhat in strength, which should lead to 
smearing out of the spectrum. If we assume that 
the a & a‘ lines upon alteration of the immediate 
ambiance of the samarium ions located in the regu- 
lar lattice can shift to the short wavelength side 
and occupy positions b & b' in the spectrum, we 
can all the more expect strong smearing out of these 
Fig.6. Photometric curves of lines to the point where they become invisible when 
luminescence spectra during there are present many centers differing somewhat 
excitation by 313 mu light. from each other, as would obtain for centers lodged 
Phosphors: 1) ZnS: Sm(10-3) , at defect points. In fact, a strong background is 
2) ZnS: Sm(1073) :¢1(1073). observed in the luminescence spectrum of ZnS: Sm 
phosphors with excitation by 365 my light. True, 
in the spectrum of the phosphor with excitation by 365 mu light there are also 
present clear but very weak a and b lines, but they may arise as a result of 
simultaneously occurring ionization of the samarium centers in the volume of the 
crystal. 

The line c, the position of which is very stable in the samarium spectrum, 
is also smeared out but to a lesser extent and hence we observe it in the form 
of a broad line. Infrared radiation may remove electrons trapped near the samari- 
um ions at defect points and as a result the intensity of the c line decreases. 
The electrons freed by the infrared light may be trapped by samarium located in 
the regular zinc sulfide lattice; this explains why the luminescence spectrum ob- 
tained with 365 mu excitation and simultaneous IR irradiation becomes similar to 
the luminescence spectrum of the phosphor with excitation by 334 or 313 mu light. 

It should also be noted that at low temperatures there appear in the lumi- 
nescence of ordinary ZnS:Sm phosphors additional lines at 651 and 656 my (see 
Fig.2). These lines can be attributed to a third type of luminescence center, 
which is capable of trapping and holding electrons, produced in ionization of 
"blue’ centers, only at low temperatures. The 651 mi lines in the spectrum of 
samarium at room temperature can be observed in two cases. First, if the phosphor 
is prepared from a batch into which there have been introduced chlorine ions in 
an amount sufficient for the proportion of Sm3t to Cl1™ to be equal to unity. In 
the luminescence spectrum of the resultant phosphor there appears the single X. = 
651 my line and in addition an intense blue band (curve 2, Fig.6); consequently, 
in this phosphor there presumably form primarily luminescence centers of the third 
kind. Second, if in addition to chlorine, copper is introduced as the second 
activator into the ZnS.Sm phosphor; in the spectrum of ZnS:Sm:Cu (NaCl) there ap~ 
pear lines at 651, 652.7 and 654 mu. At room temperature the intensity of the 
651 mi line is comparable with the intensity of the 654 mz line, but its behavior 
differs from the latter and also from that of the 652.7 my line and is virtually 
identical with the behavior of the copper band’. In this phosphor apparently the 
probability for trapping of electrons and even of holes by the third type of vcen= 
ters at room temperature is comparable with the probability for trapping by A 
type centers. 

It will be apparent from the above data that the formation by samarium of 
different types of luminescence centers and their efficiency as regards trapping 
of electrons and, apparently, holes, depends on many different factors and re- 
quires further investigation. 

On the basis of the work done so far one can draw the following conclusions: 

1. Samarium in zinc sulfide can simultaneously form three or perhaps more 
different types of luminescence centers characterized by different electron and 
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hole trapping probabilities. The number of these centers depends on the samari- 
um concentration and the conditions of synthesis. 

2. The relative number of two of these centers depends on the samarium con- 
centration. These two types of centers differ as regards the vibrational struc-= 
ture of the upper excited and lower ground states. Characteristic of these cen- 
ters is the presence of two excited electron levels, the separation of which for 
these two types of centers differs (110 and 80 em7L). 

3. The emission brightness of the different centers and, consequently, the 
luminescence spectrum of the phosphor depend on conditions governing the kinetics 
of the processes associated with transitions of electrons and holes; they depend, 
for example, on the temperature of the phosphor and on auxiliary infrared irradi- 
ation. 

4, When the phosphor is formed with a large number of distortions of the 
regular lattice, the samarium luminescence spectrum with excitation by 365 mu 
light is greatly diffused. 

I desire to thank T.I.Voznesenskaya and R.M,Medvedeva for assistance in the 
work and V.V. Antonov-Romanovskii and M.V.Fok for a number of valuable suggestions 
and discussion of the results. 


"D.N,Lebedev'' Physical Institute 
Academy of Sciences of the USSR 
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SOME DATA ON THE MECHANISM OF FORMATION OF SULFIDE LUMINOPHORS 
- A.A.Bundel', A.I.Rusanova & L.G,Taushkanova 


The experimentally observed variation of the luminescence properties of 
sulfide phosphors with the nature of the substances in contact with them during 
synthesis is usually interpreted as proof of participation of these substances 
in the formation of the luminescence centers. Generally the influence of such 
agents on the base material of the luminophor is disregarded. For example, it 
is still widely held that chlorine atoms from the flux enter into the composition 
of ne luminescence centers, although check experiments failed to substantiate 
this+. 

Of particular importance from the standpoint of the physical chemistry of 
zinc sulfide phosphors is the nature of the activating agent in "activatorless” 
zinc sulfide. Without touching upon the question of the structure of the "blue" 
luminescence centers, in earlier publications!-3 we cited a number of facts which 
indicate that the formation of these centers is connected with deviation from stoi- 
chiometry to the side of enrichment of the ZnS with zinc and that the composition 
of these centers does not comprise any substances extraneous to ZnS. The incor- 
poration of extraneous elements into the zinc sulfide lattice leads to the forma- 
tion of distinctive luminescence centers, which is evinced by the appearance of 
the characteristic bands of these elements in the luminescence spectra. Thus, the 
introduction of oxygen from the gaseous phase into previously prepared activator- 
less phosphor leads to the appearance of the characteristic oxygen band peaking 
at about 530 mu (sphalerite modification). 

Recently Riehl & Ortmann? reported that in the case of heating of deoxidized 
ZnS with flux but in the absence of oxygen, the characteristic blue luminescence 
does not appear. From this they concluded that the oxygen enters into the compo- 
sition of the blue luminescence centers. They make no mention of the appearance 
of green luminescence in the presence of oxygen. 

Our earlier experiments2-4 showed that the blue luminescence centers are form- 
ed without the participation of oxygen. Hence the explanation for the effect ob- 
served by Riehl & Ortmann should be sought in a different type of interaction of 
ZnS with oxygen than that inferred by these authors. Inasmuch as we earlier studi- 
ed the introduction of oxygen from the gaseous phase into already formed lumino- 
phors with blue luminescence and many aspects of the work of Riehl & Ortmann re- 
main unclear, we felt it expedient to investigate in detail the influence of oxy- 
gen on the formation of ZnS:Zn phosphors. or ee 

Samples of ZnS luminophors produced by the "Krasnyi khimik"” ("Red Chemist ) 
Plant with (Fe + Cu + Ni) < 1°107? g/g and ~1.5% soZ- were deoxidized in a stream 
of HgS for 3 hours at 900° with a layer thickness not exceeding 8 mn. The result- 
ant product did not luminesce even under intense excitation and no longer contain- 
ed s02-. Before the experiments the occluded sulfur was eliminated by heating to 
300° in a nitrogen vacuum (09 < 1-10-3%, 1 mm Hg). The NaCl flux was introduced 
in dry form in the amount of 3%.* 

The luminophors were heated in quartz boats with a layer thickness of 3-4 mm 
in a quartz tube connected through a ground joint to the vacuum syares and the 
nitrogen supply which according to analysis contained less than 1-107-3% O5. After 
repeated "flushing" of the system with nitrogen a intermediate evacuation, a mix- 
ture of Nag + 09 containing from 0.7°107-7 to 6-107% g Op per gram znS was intro- 

*Deoxidation with HgS radically alters the properties of the initial ZnS: 
subsequent heating of the deoxidized ZnS in air yields a product, the po aaa 
of which amounts to only 48-50% of the luminescence brightness of the luminophor 
obtained from the same initial ZnS. 
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Fig.1. Luminescence spectra of ZnS: 1) formed in the presence of 1.3-10°° g Oo 
per gram ZnS (scale enlarged), 2) produced by the introduction of 3-107% g 05 
into previously prepared ZnS: Zn. 
Fig.2. Formation of ZnS in the presence of different amounts of oxygen: 
1) brightness (referred to ZnS heated in air) of the Zn band, 2) bright- 
ness of the 02 band (P95 < 0-5 mm Hg). 


duced into the tube. The fluxed batches were heated for 20 min at 950°. The re- 
sultant product always exhibited both green and blue luminescence. Green lumi- 
nescence predominated in the upper layers that were in contact with the gaseous 
medium; the blue band predominated in the deeper layers. Inasmuch as it was im- 
possible to separate the layers the entire mass was thoroughly mixed for lumino- 
spectroscopic investigation. The luminescence was excited by the 366 my line of 
mercury. 

At room temperature the spectra represent a superposition of two bands: a 
blue band with \nax = 465 mu and a green oxygen band with Amax = 930 mu (Figs). 
At 100° the former is extinguished, and the remaining luminescence consists only 
of the green band. 

The luminescence spectra of phosphors formed in the presence of small amounts 
of 09 have the same appearance as those described by us earlier for the case when 
the oxygen was introduced in the same amounts into the previously prepared lumino- 
phor, but the integral brightness of the luminescence is much lower. In the pres- 
ence of 0.7+107? g Oo per gram ZnS, the brightness of the blue band amounts to 
only 2.8% of the brightness of the band emitted by the luminophor formed in air, 
while with 31073 g O5 per gram ZnS the brightness of the green band does not ex- 
ceed 15% of its brightness in the case of introduction of the same amount of O05 
into the previously prepared blue luminophor. With increase in the amount of oxy- 
gen present the brightness of both bands increases according to the same law (Fig. 
2). With increase of the oxygen partial pressure above 0.5 mm Hg the increase in 
the brightness of the green band ceases and there begins oxidation of the sulfide 
with the formation of oxysulfide; the presence of this is evinced by the appear- 
ance of its characteristic band (\max = 510 my) in the spectrum (see Ref.2). 

In order to realize the heating in an atmosphere as free of oxygen as pos=- 
sible,we eliminated all traces of this gas from the reaction volume by means of 
getters. To this end two separate batches of deoxidized ZnS were introduced in- 
to the quartz tube; one of these served as the getter. After "flushing" of the 
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Fig.3. Comparison of the efficiency of HCl, O5 and SO»g as agents stimulating the 
appearance of blue luminescence in heating deoxidized ZnS. The solid curve char-~ 
acterizes the variation of the luminescence brightness with the HCl pressure. 
Fig.4. Spectrum of CdS heated: 1) in No, 2) in air, 3) with 10% ZnS in 
No, 4) with 10% ZnO in air. 


tube and filling it with nitrogen (05, < 10-73%) , the end with the getter batch was 
heated for an hour at 950° and then the tube was moved further into the furnace 
so that the second batch of ZnS entered the hot zone. The ZnS serving as the 
getter exhibited the usual weak luminescence in both bands, whereas the sample 
heated second showed no luminescence, either blue or green. 

Thus, in agreement with the data of Riehl & Ortmann5, in the case of short 
term heating of deoxidized ZnS with NaCl in the absence of molecular oxygen no 
luminescence appears. In the presence of even minimal amounts of O09 both blue 
and green luminescence develop. Consequently, we found that in the case of short 
term heating with NaCl the presence of 09 is a sufficient condition for the ap- 
pearance of blue luminescence; we still had to check whether this was a necessary 
condition. 

To this end, using the same equipment, we heated deoxidized ZnS both with 
and without NaCl in an atmosphere of HCl and of a mixture of HCl with 09. The 
HCl was obtained by the action of H9S on NH,C1; the product was condensed and 
repeatedly fractionated. The work was carried out in an integral-blown glass 
apparatus with a ground glass joint to the quartz tube. In some experiments af- 
ter filling the system with HCl, we gettered the reaction volume with ZnS as de- 
scribed above. At HCl pressures above 0.4 atm in all cases we obtained blue lumi- 
nescing phosphors the brightness of which was 2.8 times greater than the bright- 
ness of phosphors obtained by heating deoxidized ZnS in air and some 1.4 times 
greater than the brightness of phosphors prepared in air from nondeoxidized zns. * 

The addition of oxygen to the HCl heating atmosphere results in the appear- 
ance of green luminescence in the oxygen band peaking at 530 mu (this is readily 
and reliably identified from its temperature behavior’). At HCl pressures under 
0.4 atm the brightness of the blue luminescence rapidly falls off with decreasing 
HCl pressure (Fig.3). 

We also carried out heating of deoxidized ZnS in an atmosphere of SOg under 
the same conditions; in this case there were also obtained blue luminescing phos- 

*At temperatures above 100° there was evident a very weak blue RECO 
the brightness of which did not change with increase of temperature to 200”. 

This shows that this luminescence is due to copper impurity rather than to oxy- 
gen (see Ref.7). 
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phors the brightness of which was 1.8 times greater than that of deoxidized Zns 
heated in air. 

These experiments in which we found that completely identical blue lumines- 
cence develops as a result of heating in the presence of oxygen as well as of HCl 
and SOg proved that these substances do not enter as structural components into 
the blue luminescence centers; apparently, they affect the state of the host ma- 
terial and consequently act as mineralizers. Their efficiencies as agents favor- 
ing the appearance of blue luminescence are shown in Fig.3. These results are 
in complete agreement with the data of Smith® on ZnS: Ag. 

The mineralizing character of the influence of these stimulating agents is 
also substantiated by microscopic and x-ray diffraction studies; the mean size 
of the crystals obtained in an atmosphere of air is about 1074 cm, in SOg about 
1073 cm and in HCl close to 10-2 cm. 

The role of molecular oxygen as a mineralizer in the formation of sulfide 
phosphors is clearly evinced in experiments with activatorless Cds (Fig.4). De- 
oxidized CdS with 3% NaCl heated for 30 min at 900° in nitrogen emits no lumines- 
cence under excitation by } = 365 mi. When the same material is heated in air 
under the same conditions there is obtained a bright phosphor with a band beyond 
750 mu. If the oxygen were responsible for the luminescence of the activatorless 
luminophor as a component of the luminescence centers, the results should not de- 
pend on from what compound the oxygen is introduced into the CdS lattice during 
synthesis. To check this we heated a mixture of 90% CdS + 10% ZnO by weight with 
3% NaCl in nitrogen and in air. Only the characteristic luminescence of zinc 
oxide was observed for the samples heated in nitrogen (the zinc oxide spectrum 
was shifted somewhat to the side of longer wavelengths owing to formation of mix- 
ed CdS-Zn0O crystals). No luminescence in the cadmium band appeared although x- 
ray diffraction studies indicated the formation of mixed zn0O-CdS crystals, i.e., 
the incorporation of oxygen into the CdS lattice. At the same time heating in 
an atmosphere of air yielded a phosphor in the spectrum of which, in addition to 
the ZnO band, there was present the bright band of nonactivated cadmium sulfide. 

Thus the agent stimulating the formation of an activatorless luminophor is 
only molecular oxygen. 

The accelerating action of molecular oxygen on the process of formation of 
luminophors is very effectively evinced in the case of mixed ZnS°CdS: Ag phosphors.* 

A batch having the composition 


55zZnS° 45CdS; 2°107~4Ag + 3% NaCl 


composed of commercial sulfides containing appreciable amounts of oxidized sub- 
stances when heated in air at 12009 yields a normal luminophor even after only 

8 min heating. All the phosphor crystals are identical as regards their emis- 
sion spectra and the grain-size composition of the powder is characterized by 
the usual gaussian curve (Fig.5); increase of the heating time results only in 
some displacement of the granulometric curve to the side of larger particles. 

In the case of heating of the same batch in nitrogen, the resultant product con- 
sists of a mixture of two types of crystals exhibiting different colors of lumi- 
nescences; greenish-blue and orange-yellow. The granulometric composition curve 
now exhibits two peaks corresponding to phases with predominance of ZnS and CdS. 
Upon increase of the heating time there occurs a gradual evening out of both the 
luminescence properties and the grain-size composition, but the equalization does 
not terminate even after an hour's heating. Consequently, there was evinced in 


*The experiments described below were performed by T.G.Bulankova. 
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these experiments the difference between the 
influences on the formation of luminophors of 
bound and free (molecular) oxygen. In this 
respect the described experiments are entirely 
consistent with the results of earlier work by 
Klement? and Ormontl0, 

The rate and character of transformations 
in the host material may be affected not only 
by the gaseous phase (heating atmosphere) but 
also by a condensed phase in contact with the 
phosphor crystals. Some years ago Riehl11 not- 
ed that in the formation of ZnS:Cu phosphors, 
the crystallization of ZnS in the presence of 
copper proceeds appreciably more rapidly than 
in the nonactivated sulfide; this was subsequent- 
ee eT eee ly substantiated by our experiments!,2. This 

explains the formation of ZnS:Cu phosphors in 

Fig.5. Grain size composition of the absence of oxygen recorded by Riehl in later 
55ZnS* 45CdS: 2-10-74 Ag(+3% NaCl) experiments®. 


Percent particles 


phosphor after heating 1-3) in We investigated the influence of inorganic 
nitrogen and 1'-3') in air; 1 & salt fluxes on the kinetics of transformation 
Po—soemin gs? =) 30imin 3) &.3! in the matrix in the specific case of ZnS:Cu 
- 1 hour heating. phosphors. In 1935 Riehl12 described the time 


variation in the character of the luminescence 
of ZnS:Cu phosphors stored under normal conditions. A detailed investigation of 
the aging of these luminophors was carried out by Rusanoval3, who showed that the 
green band in the spectra of all ZnS:Cu phosphors with a Cu content >5°1076 g/g 
ZnS weakens with time, while the blue band increases in intensity. Rusanova sug- 
gested that this may be due not to changes in the structure of the luminescence 
centers but to phase transformations in the base material; in view of this we de- 
cided to study the matter further. 

We prepared ZnS:Cu phosphors by heating luminescence grade ZnS with 5% NaCl 
in air at 950° for 30 min. The samples were then rapidly cooled to room tempera- 
ture and the luminescence spectrum with excitation by X% = 365 mu was recorded inm- 
mediately. Then the samples were subjected to artificial aging by holding at 450°. 
It was found that the heating time required to attain a steady state increased 
with decrease of the Cu concentration. With a copper content less than 5°1076 g/g 
ZnS the phosphors did not react at all to heating. At all copper concentrations 
above 5-1076 g/g ZnS, however, all the samples tended to the same state (curve 2, 
Fig.6), i.e., a state which apparently corresponds to equilibrium at 450°. 

The aging effect is observed most clearly at copper concentrations above 1074 
e/g ZnS, i.e., in the region of appearance of the so-called "B-band" of copper; 

hence we below shall describe mainly our experiments with these luminophors. In 
the case of sufficiently rapid cooling of phosphors with Coy> 2°107-4, the fresh 
samples are pure white and their spectrum consists of a broad band with one peak; 
with increase in the copper content the width of the band increases and its peak 
shifts to the side of shorter wavelengths, in agreement with the observations of 
Riehl & Ortmann!4. The blue "B-band” does not appear in the spectrum. Even after 
a few days at room temperature, however, the samples become grey and the blue band 
appears in their spectra. At 450° the process terminates within about 3 hours 
(curve 2, Fig.6) and the samples acquire a dark grey coloration. The aging pro- 
cess is reversible: heating at 950° for 2 hours fully restores the properties of 
the initial phosphors. At 650° complete restoration of the initial state occurs 


» 
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only for samples containing Ccy < 41074 g/E, 
and even this requires a very appreciable 
heating time. At higher copper concentrations - 
regeneration at 650° leads to re-establishment 
of the broad Riehl-Ortmann band, but with its 
peak shifted somewhat to the side of longer 
wavelengths; the regenerated samples remain 
grey although a somewhat lighter shade. 

Aging and regeneration of samples occur 
in the same way both in the presence of ilux 
and with the flux eliminated by washing, both 
in an atmosphere of oxygen and in argon. 

X-ray diffraction studies of freshly pre- 
pared samples showed that they consist of 92= 

95% sphalerite and 8-5% wurzite. After aging 
600 the amount of wurzite increases significantly. 
is Regeneration restores the initial structure, 
Fig.6. Luminescence of gnS:4°1074 but the mean size of the crystals is somewhat 
Cu phosphors: 1) initial, 2) aged increased. Inasmuch as the greying of aged 
at 450°, 3) regenerated at 950°, samples is due to the appearance of a new, 


| 
450 500 550 


4) regenerated at 650° for 3 "dark colored" phase, the absence of new lines 
hours, 5) at 650° for 1 hour in in the x-ray diffraction patterns indicates 
vacuum. All values normalized that only a very small quantity of this phase 
to the maximun. is formed. 


The observed changes are due to decompo- 
sition of CugS-ZnS solid solution owing to reduced solubility of CuoS at lower 
temperatures. At low temperatures most of the copper in the phosphor is segre- 
gated into a new phase so that the blue band of zinc is intensified in the spec- 
trum. Thus the so-called "B-band"’ of copper is actually the usual band of zinc, 
as was suggested earlier by Alentsev & Cherepnevi3, 

Direct proof of this was furnished by experiments involving heating of aged 
samples in vacuum. Earlier we showed that as a result of such treatment the 
bands associated with volatile activators (for instance, zinc) undergo quenching, 
while the bands associated with less volatile activators (for example, copper) 
retain their initial brightness1&, In this case the situation is complicated by 
the fact that the blue band disappears as a result of repeated heating owing to 
solution of the phase rich in copper in the zinc sulfide. At 650°, however, the 
rate of this process is very low compared with the rate of vaporization of zinc, 
so that heating in vacuum leads to appreciably more rapid quenching of the blue 
band (curve 5, Fig.6). 

The above applies to the case when the luminophor contains flux, inasmuch 
as even when the phosphor is washed part of the flux remains in the intercrystal- 
line spaces:, The behavior of luminophors prepared without flux is entirely dif- 
ferent. The broad Riehl-Ortmann band is characterized by appreciable stability 
and even with a Cu content of 1073 g/g retains its initial appearance both in 
aging at room temperature and in the case of heating for 3 hours at 450°. More- 
over in this case there is no appreciable greying of the samples. 

The indications of Riehl & Ortmann that the maximum of the band observed by 
them in the spectra of luminophors with a high copper concentration shifts to the 
short wavelength side in switching from 366 mi excitation to excitation by the 
254 mi line and the deformation of the Riehl-Ortmann band observed by us incident 
to change in the intensity of excitation led us to the idea that actually this 
band is the result of addition or superposition of the two usual bands of zinc 
and copper. Measurements of the spectral composition of the luminescence at 100° 


~ 
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substantiated this (Fig.7): the luminescence in the 
green band undergoes temperature quenching and at 
100° primarily the green (copper) band remains. 
Consequently, at room temperature there is al- 
ready present in the Riehl-Ortmann band an enhanced 
zinc band and a weakened copper band, although the 
luminophor still has a single-phase composition. 
The explanation for this effect, we feel, should 
be sought in the mechanism responsible for the ap- 
pearance of a new phase in supersaturated solutions, 
which was investigated thermodynamically by Frenkel' 
and Dehlinger (see Refs.17 and 18). 


pet oe f20 aa Local variations in the composition lead to 
formation of structural elements of the new phase. 
Fig.7. Luminescence of ZnS; Owing to deformations of the lattice caused by these 
:1073cu phosphors prepared fluctuations in the composition, the free energy of 
without flux: 1) Riehl- the lattice increases. Transition to the state with 
Ortmann band at 22°, 2) minimal free energy can be realized either by break- 
same at 100°, 3) difference up of the structural element or by its "ejection" 
between curves 1 & 2. in the form of a new phase. At a certain magnitude 


of the primary structural element, the latter proves 
to be thermodynamically advantageous. The structural element begins to increase 
in size and turns into nuclei of the new phase. The size of the nuclei at which 
the new phase can segregate depends on the surface energy at the phase interfaces; 
hence the kinetics of development of the new phase depends substantially on the 
nature of the impurities collecting in the intercrystalline material. 

In the case of ZnS:Cu phosphors with a high copper content,in the process of 
cooling there forms a supersaturated solution with local variation in concentra- 
tion. These fluctuations lead to the appearance of structural elements of copper 
sulfide and impoverishment in copper of the neighboring sections of the ZnS lat- 
tice; consequently, there are created in them conditions favorable for the emis- 
sion from zinc centers. 

Substantiation of this interpretation of the origin of the Riehl-Ortmann band 
may be found in the work of Schulman, Ginter & Klickl9 on NaCl*PbClo crystals. In 
this case change in the spectrum and the luminescence output was observed even 
before separation of the crystals into two phases, which indicates that the pro- 
cess of disproportioning may occur even in a homogeneous mediun. 

Our experiments indicate that in interpreting the variation of the lumines- 
cence properties of sulfide phosphors as a function of the synthesis conditions, 
it is erroneous to attribute all the effects to changes in the structure of the 
luminescence centers: no less important, in our opinion, are processes occurring 
in the base material, regarding which little is as yet known. There can be lit- 
tle doubt, however, that very important here is the nature of the substances - 
gaseous, liquid or solid - coming into contact with the phosphor and acting as 


‘mineralizing agents. 
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ON THE PHYSICAL-CHEMICAL NATURE OF SILVER ACTIVATOR IN ZINC SULFIDE PHOSPHORS 
- A.A. Cherepnev 


I. Silver, together with copper, is among the most commonly used activators 
for zinc sulfide phosphors.. Most modern authors assume that the silver in ZnS 
luminophors is present in the form of singly charged ions (Agt).1"5 It is pos-~ 
sible, however, that the silver (like copper and zinc®) exists in zinc sulfide 
phosphors in a dispersed state, in the form of elemental particles. Many authors 
consider that elemental silver forms in solids and crystals and that it is evinced 
as such in the absorption and luminescence spectra. ’ 

Elemental silver can separate out of silver salts at high temperatures. 
Silver activator introduced into air-dry ZnS in the form of a solution forms 
AgoS, which noticeably dissociates at 950°; data on the AgoS-Ag system can be 
found in Mellor’. When a chloride flux is used, AgCl may form, particularly in 
the case of heating. AgCl begins to sublime at 260° and is almost completely 
driven off at red heat. Reaction of silver halides with metal sulfides is char- 
acterized by the following equations: 8 


MgS + 4AgCl —+ 2Ag + AgoS + 2MC19; 
MS + 2AgCl — AgoS + MClo; 
MSo + 2AgCl —~ AgoS + MS + Clo. 


Upon heating with alkali halide, AgoS yields metallic silver. In the pres- 
ence of oxidizing agents (oxygen from the air or oxygen containing compounds) 
there may form AgoS which then readily decomposes to the metal upon heating. When 
heated in contact with air AgoS oxidizes to AggSO,. The reaction AggS + AggSO, 
—» 4Ag + 2SO5 proceeds readily; an SOg partial pressure above atmospheric is ob- 
tained at about 400°. There may also occur electrolytic deposition of silver on 
the elemental zinc produced during heating. 

The physical and chemical state of silver in the system depends on the pres~ 
ent condition and past history of the phosphor; the proportion between components 
(ZnS, AgoS, Ag, Zn, ZnO, flux, atmosphere) , the temperature and duration of heat~- 
ing, the crystallochemical behavior of the components, etc. The processes occur- 
ring in the formation of ZnS:Ag phosphors are primarily solid-vapor reactions; 
they are topochemical in character, which explains the specific localized appear~ 
ance and stability of the different components of the system. © 

With a view to clarifying the nature of silver activator in zinc sulfide 
phosphors, we prepared a series of ZnS:Ag samples under different conditions. and 
measured their luminescence with excitation by 365 mi light at room temperature; 
we also obtained their absorption spectra. The equipment used was described earli- 
er?, The heating except for the use of special atmospheres was carried out under 
the usual technological conditions. 9-12 

II. Some data on the absorption of ZnS:Ag phosphors will be found in Refs. 
13 and 14. 

We carried out measurements of the absorption spectra (by the method of dif- 
fuse reflection from a thick layer of the powder) of ZnS:Ag samples with differ- 
ent silver concentrations obtained at heating temperatures of 800 to 1100° with 
NaCl and H3B03 as the fluxes. The results for the 800° phosphors are shown in 
Fig.l. It will be evident from the figure that there is a sharp decrease in ab- 
sorption (from the level of intrinsic absorption) at 330-340 mi. Above an opti- 
mum silver concentration (10-4 g/g) the absorption increases rapidly, owing pri- 
marily to segregation of AgoS. The addition of minor amounts of silver to ZnS 
decreases the absorption compared with pure znS (heated under the same conditions 
but without Ag). This can probably be explained by the fact that at first there 
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occurs displacement of the 

zinc activator by silver. 
“rel With further increase of 
the silver concentration 
there becomes evident ab- 
sorption due to the silver 
itself. A similar effect 
of decrease of the absorp- 


@Ag 10° g/s 


3 
’ a tion in the presence of 
oa” small amounts of activator 
Noma T was also observed for cop- 
it per.? The difference in 
op nd) 


the decreases of absorption 
for phosphors made with 
NaCl and H3BO., is probably 
due to formation of zinc 
borates in phosphors fluxed 
with the latter compound. 
III. The luminescence 
spectra of ZnS:Ag phosphors 
prepared at 800° are shown 
in Figs.3 & 4. With small 
amounts of silver (~107-7 
500 Amp g/g ZnS) there at first 
occurs weakening of the 
Fig.1. Absorption spectra of ZnS:Ag phosphors heated luminescence. Probably 
at 800°, the silver, replacing the 
zinc, suppresses the char- 
acteristic luminescence of the latter without fully developing its own emission; 
with further increase in the Ag concentration there is observed an increase in 
the luminescence brightness to an optimum value (1074 g/g ZnS), after which the 
brightness falls off rapidly (presumably due to formation of AgoS). There is 
an appreciable difference in brightness depending on the type of flux used; at 
low temperatures (800°) the most efficient samples are obtained with NaCl; at 
high temperatures (1100°) - with H3B03- This may be explained by the greater 
volatility of AgCl and the formation of zinc boratesl!5 at high temperatures. The 
shift of the spectral peak for high temperature samples probably occurs due to 
formation of wurzite structurel®, In general the peak of the spectrim is dis- 
placed to the side of shorter wavelengths with increase of the silver content 
to an optimum value. This shift can be explained either by weakening of the zinc 
band owing to replacement of the zinc by silver or by relative weakening of the 
yellow oxide band in the blue spectrum of znS.19° For phosphors prepared with 
H3B03, which probably removes some of the zinc through formation of boratesl5, 
the emission maximum is located at shorter wavelengths. Possibly at sufficiently 
high silver concentrations there may either occur effects analogous to "coagula- 
tion" of copper!] (they are difficult to detect owing to the closeness of the 
spectral peaks of ZnS:Zn and ZnS:Ag) or nonincorporation of the silver sulfide 
into the ZnS crystal lattice owing to its limited solubility therein (excess 
AggS and Ag remain on the surface of the crystals) .1 
IV. A series of special experiments involving variation of the heating tem- 
perature of ZnS:Ag with the optimum silver concentration (1074 g/g) yielded 
samples the spectral characteristics of which are shown in Figs.4&5. It will 


be seen that in each case the brightness goes through a maximum corresponding to 
a heating temperature of 800-900°. 
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400 450 500 550 A,mu 


Fig.4. Luminescence spectra of 
znS:107-4 Ag phosphors heated at 
different temperatures with NaCl. 


Fig.2. Luminescence spectra of ZnS:Ag phos- 
phors with different silver concentrations 
heated at 800° with NaCl flux. 


Igede 
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| ~7 2, my 
j 10 
Ag 10°? 5/3 Fig.5. Luminescence spectra of 


ZnS:1074 Ag phosphors heated at 
different temperatures with H3B03. 
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400 450 500 A,m 
Fig.3. Luminescence spectra of ZnS: Ag In order to bring out the influence 
phosphors with different silver con- of the heating time, we carried out a 
centrations heated at 800° with H3B03 series of experiments on mixtures with 
- flux. the optimum Ag concentration and each 


of the two fluxes. In the case of heat- 
ing at 1100° with NaCl flux there is observed a slow increase in brightness (to 
saturation); with H3BO, at the same temperature even brief heating (15 min) yields 
virtually the maximum brightness, i.e., there is no significant increase in bright- 
ness with increased heating time. No shift of the brightness maximum in the wave- 
length scale was noticed. 

Vv. Von der Forst et ali? give interesting data on the effect of heating in 
an atmosphere of hydrogen sulfide in the case of the ZnS-AgoS system. 

When we heated a mixture of ZnS with 10-4 Ag for one hour at 1100° in a 
stream of hydrogen sulfide, we obtained a nonluminescing product. The addition 
of small amounts of chloride flux (~1%) had no significant effect inasmuch as the 
chlorine is displaced by the hydrogen sulfide and lost by evaporation. In the 
presence of an excess of HS , in accord with the law of mass action, one must 
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Fig.6. Variation of the 
brightness with the sec- 
ond heating temperature 
(30 min) for ZnS:1074Ag 
phosphor prepared by 
heating for 1 hour in 
1100° in a stream of 

HoS without flux. 


log areal 
: ee 
es 1,4 48 log t, min 


Fig.7. Variation of the 
brightness of znS; 1074 
Ag’*phosphor prepared by 
heating for 1 hour at 
1100° in H2S with the 
duration of the second 
heating at 300°. 
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expect the formation not of free silver but of nonlumi-~ 
nescent Ag)S or even polysulfides. The nonluminescing 
product upon being heated in the presence of air even 
at 300° begins to exhibit blue luminescence (spectral 
peak at 430 myx) which increases in intensity with fur- 
ther heating. The increase in luminescence brightness 
with temperature step heating is shown in Fig.6. It 
will be seen that in the 300 to 500° interval the in- 
crease in brightness with temperature is almost linear. 
Above 500° there occurs increasingly active oxidation 
inasmuch as the process was carried out without flux; 
with heating for about 30 min at 700° the blue lumines- 
cence changes to yellow.1° Heating at 600° with NaCl 
yields the usual fairly bright blue emitting powder 
(the luminescence is approximately twice as bright as 
in the case of the above mentioned sample heated at 
500°). Isothermal heating of the nonluminescent ZnS: Ag 
product at 300°, depending on the duration of the oper- 
ation, yields evidence of bimolecular reaction: the re- 
sults plotted in logarithmic coordinates (log I vs log 
t) yield a straight line (Fig.7). It may be assumed 
that the primary process of formation of an emitting 
product under the indicated conditions is determined 
not by decomposition of the nonluminescent sulfide 
(this reaction is not precluded as a rapidly occurring 
first stage) but by the result of interaction of silver 
sulfide with the products of oxidation, leading to the 
segregation of elemental luminescent silver, since un- 
der the influence of oxygen, which is difficult to ex- 
clude under the conditions of reheating, there form di- 
oxidized products (Agg0 and Ag2S0,4). ZnS:10~4Ag heat- 
ed at 500° in a stream of H2S also forms a nonlumines- 
cent product. But the same mixture upon being treated 
with H)S at 70° (for 1 hour) exhibits blue luminescence. 


A luminescent product is obtained from the nonluminescent sulfide formed before 
heating under the usual technological conditions only at heating temperatures 


above 600°. 


It must be assumed that in the ZnS-Ag system the formation of emis- 


sion centers at temperatures of the order of 600° occurs primarily through inter- 
action of AgoS with the oxidized product remaining in the batch or introduced in- 


to the 
silver 
jected 


system together with the HS in the form of S09, COg or water vapor. 
segregating in the system at ~600° in an atmosphere of dry HoS is not sub- 
to the action of hydrogen sulfide inasmuch as at this temperature the re- 


The 


action with silver barely begins, 8,18 

In heating ZnS:Ag without flux in a stream of ammonia there is obtained a 
nonluminescent product (coagulation of silver reduced by hydrogen from dissocia- 
tion of the NH3; absence of a dispersing flux); the product obtained with NaCl 
exhibits luminescence (owing to chlorination). 

Heating ZnS:Ag without flux in a stream of nitrogen at low temperature (800°) 
yields a weakly luminescent product; heating at a higher temperature (1100°) 
yields a more efficient phosphor (possibly due to traces of oxygen); the bright- 
ness increases upon the addition of NaCl to the initial mixture. 

VI. Small amounts of zinc oxide (to 1%) are inevitably present in ZnS (either 


as initial impurities! or owing reaction with the atmosphere). 


The influence of 


the zinc oxide is evinced in the nature of the physical-chemical processes and 
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,in displacement of the spectrum maximum!3. In order to elucidate the influence 

of larger (1%) amounts of ZnO, we prepared ZnS:Ag samples with additions of dif- 
ferent amounts of ZnO obtained by burning ZnS in air at 900° (Ref.10) or taken as 
the reagent. With additions of 2 to 20% ZnO we observed no noticeable shift of 
the main spectrum maximum or the auxiliary peaks (in the yellow region). The 
location of the peak at 450-470 mz: (for products prepared with NaCl and heated 

at 800 or 1100°) and the asymmetry of the spectral distribution curves demonstrates 
the influence of zn0.19 Zinc oxide, particularly the reagent, has a weakening ef- 
fect on the integral intensity. 

The phosphors obtained with low temperature heating have a high integral in- 
tensity. In the case of phosphors prepared by heating at high temperatures (parti- 
cularly, those with 107-4 g/g Ag) the decrease in intensity even with an appreciable 
ZnO concentration is relatively small. Some decrease in intensity is observed with 
increase of the heating temperature. 

The reactions of the oxidized compounds and sulfides with the formation of 
elemental luminescent particles occur primarily in solutions of these compounds 
in ZnS; therein lies their difference from "mechanically admixed’ oxides (in AgoS). 

The glow curves of ZnS:Ag phosphors (obtained with NaCl and H3B0., fluxes by 
heating at 1100°) exhibit two peaks: the low temperature one (-120°) is apparently 
associated with silver activator; the other (-609) with zinc oxide (as in the case 
of ZnS:Cu - see Refs.19 & 4). The heights of the glow-curve peaks obtained for 
the phosphors obtained with NaCl and H3B03 reflect the spectral brightnesses. It 
may be assumed that formation of ZnS:Ag phosphor is a single physical-chemical 
process of formation of emission centers and the corresponding traps; in the pro- 
cess there are segregated the elemental silver particles and their subsequently 


eliminated partners (SOj, ZN, S, etc.), which leave defects (vacancies) in the 
crystal lattice.10 


Conclusions 


1. The formation of luminescent ZnS:Ag is apparently connected with segrega~ 
tion of elemental silver, which is distributed through the system in dispersed form 
(as was earlier suggested® to be the case for copper in ZnS:Cu phosphors). Inas- 
much as the silver in ZnS is initially present in the form of some compound, the 
process of its precipitation is accompanied by the separation of an anionic compo- 
nent; thus there are simultaneously formed luminescence centers and traps, charac 
terized by blue emission and the low temperature thermostimulation peak. 

2. The process of formation of solid ZnS phosphor proceeds primarily in the 
gaseous phase: the fluxes NaCl and H3B03 are comparatively volatile. This deter- 
mines the condition of building up of luminescence centers (emission, trapping and 
quenching centers). Here there occur the effects of precipitation in the solid 
phase, diffusion of the activators and formation of their active states through 
"volatile components as well as other physical-chemical processes. Owing to the 
presence of the solid system in all the technological stages, the reactions occur 
ring in the formation of ZnS phosphors are topochemical (localized). Owing to the 
limited time of the heating operation, equilibrium states are not always attained. 

3. Although the final states of the activators silver and copper are identi- 
cal (dispersed elemental particles), the two activators exhibit differences as well 
as similarities. The similarity is evinced in the rapid falling off of the absorp- 
tion curve from the maximum value and in weakening of the zinc band in the lumines- 
cence spectrum owing to displacement of the zinc by the activator metal. As re- 
gards dispersion and coagulation, however, silver behaves differently: silver is 
segregated more easily than copper and is more stable. The difference between the 
peaks of the blue luminescence bands of zine and silver is difficult to distinguish. 
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4, The specific characteristics of the two fluxes, NaCl and H3B03, used in 
our experiments result in differences between the processes of formation of the 
phosphor crystals and between the behavior of activators (Cu, Ag and others) in 
the ZnS phosphor system. As a flux, NaCl promotes dispersion, chlorination and 
desulfurization; H3BO03 favors vitrification and elimination of ZnO by solution 
and formation of borates. Intensification of the phosphor formation process 1n 
the presence of H3BO3 with increasing temperature occurs primarily owing to dis- 
sociation of the activator sulfide; in the presence of NaCl, as compared with 
HgB03, owing to the reactivity of the chloride such processes occur at lower tem- 
peratures. 

5. The absence of luminescence when ZnS:Ag is heated in an atmosphere of 
hydrogen sulfide apparently occurs owing to formation of nonluminescent silvers 
sulfide; in the case of preformation active luminescent centers appear at 1100. 
The appearance of luminescence is due to the presence of oxidized products. 

These results are connected with the temperature dependence of the chemical equi- 
librium in the systems under consideration®»18, 

6. Particularly in view of the work of Kynev20 on ZnS:Cu phosphors, one can~- 
not exclude the possibility that the luminescent agent in ZnS:Ag is silver sul- 
fide in colloidal form. On the basis of our experimental data and the considera-~ 
tions set forth above, however, we are inclined to believe that the active agent 
under the conditions of our experiments is dispersed elemental silver. 

I desire to thank M.D.Galanin for his interest in the work, M.N.Alentsev for 
a number of valuable suggestions and M.V.Danilov for assistance in the experiments. 
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CHEMICAL ASPECTS OF THE FORMATION OF ZINC SULFIDE-SELENIDE PHOSPHORS 
- L.Ya.Markovskii & R.I.Smirnova 


In view of the increasing industrial importance of zinc sulfide-selenide and 
pure selenide luminophors, it is important to understand the condition of their 
formation since this should be helpful in obtaining phosphors with better lumines- 
cence properties. 

This question repeatedly came up in our institute in connection with develop- 
ment of selenide phosphors. In particular, until now it remained unclear whether 
there was a difference as regards properties between selenide luminophors obtain- 
ed from pure ZnSe and luminophors synthesized by the reaction between ZnS and Se0o. 

To answer the question it was necessary to investigate in detail the chemism 
of the reaction between zinc sulfide and selenious acid. 

Preliminary results were published in 1957.1 In the present communication 
we give additional results obtained in continuing studies. As is known, the reac- 
tion between zinc sulfide and selenious acid may be realized in two forms: 

1) by the "dry'’ procedure in which a mixture of ZnS and Se09 powders is heat- 
ed at 700-8009, and 

2) by the "wet" procedure in which the initial batch is first prepared in an 
aqueous medium (by mixing ZnS powder with a solution of HSe03) and is then dried 
and heated. 

It was generally assumed that in both cases the reaction is characterized by 
the same equation, 


ZnS+SeO0,—>ZnSe-++SO, ,; (1) 


and yields phosphors of identical quality. 2 It was shown in Ref.1, however, that 
for the "wet" variant of synthesis this reaction model is not correct. 

On the basis of data of chemical, x-ray diffraction and microscopic analyses 
it was shown that in the interaction of zinc sulfide in suspension with a solution 
of selenious acid there occur reactions that may be represented by the following 
summary equation: 


27nS -+- 3H,SeO, —> 2ZnSeO; + 2S + Se + BHO. (2) 


As a result of the exothermic reaction involved, which we shall not describe 
here in detail and which proceeds in almost the same way regardless of the propor- 
tion of initial components, there is obtained a yellowish or orange, rather uni- 
form mixture of zinc selenide powder with elemental sulfur and selenium. The 
components in the product can be separated either by solution of the ZnSe03 in a 
mixture of NH4Cl + NH,OH or by extracting the sulfur and selenium by means of 
appropriate solvents. 
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We also investigated$ the phase composition of zinc selenites; it was shown 
that by the above reaction the zinc selenite is Destepe kes pe the form of ee mono= 
hydrate: ZnSe03°H50. Thus the batch obtained by the wet procedure consists of 
a mixture of ZnS, ZnSe03°H»50 and elemental S and Se. In particular, in ate case 
of equilmolar proportions of ZnS and HoSe03, for which as is known, there is ob- 
tained the best yield of ZnSe, two thirds of the ZnS are converted to znSe0., in 
accord with reaction (2), while one third remains unreacted. The reactions oc- 
curring during heating of this complex mixture must probably differ substantially 
from the reactions involved in heating a mixture of ZnS + SeO5 powders. 


Reactions occurring in heating batches prepared by the "wet" procedure 
Reactions OCCur ee ee ee ee Se 


A thermogram (Fig.1) recorded on a Kurnakov 
(PK-54) pyrometer during heating of a batch pre- 
pared of a mixture of ZnS with HoSe03 substanti- 
ates the complex character of the reactions occur- 
ring, for it discloses, in addition to an exotherm- 
ic effect, a number of endothermic effects, an in- 
terpretation of which will be given below. 

The complexity of the processes occurring is 
ZnSe0;*S_ algo evinced in purely external indications, inas- 
ZnSe03;+Zns much as in heating of the batch in addition to evo- 
lution of S09, there are sublimated elemental seleni- 

um and sulfur (the latter in insignificant amounts) 


ZnS+H, Se 0, 


200 400 = 600 7.°C and in the final reaction product there is always 
Fig.l. Thermogram (even when the reaction is realized out of contact 
with air) zinc oxide in the amount of several per- 
% ZnSe,Zn0 cent.1 


Table 1 shows the result of analyses of the 
products obtained in heating at 800° of batches pre- 
pared from ZnS + HpSe0O3 and also of a mixture of 
ZnS, ZnSe03, Se and S. It will be evident from 
the tabular data that the composition of the final 
product obtained from the different batches is 
similar, that there is an appreciable percent of 
zinc oxide present in the zinc selenide and that 
in each case there is an appreciable loss of ele- 
mental selenium. 

Fig.2. Variation of ZnO and Table 2 and Fig.2 show how the composition of 
ZnSe in the final product the final product heated at 800° depends on the 


with the H2Se0., content in HpSe03 content (expressed in percent Se0 9) in the 
the initial batch. 


100 


50 


6 25 4a 50 %5e0, 


Table 1 
Analysis of products obtained in heating the batch at 800° 


Composition of product, % 


Composition Se. in 
ae wate znSe | znS | zno | subli- Remarks 
mate 
(ZnS -+ H,SeQs) 82,41 6,6 | 44,4 | 7,0 8 § batch, heated i 
(1:4) 18h7 2c AG, Sleeeee et me static Baan 
92,44 — ,Or7 _ poe § batch, heated in 
27nSe0s -+ ZnS + 28-+Se (84° agg Ei al ee Pipa e ore 


8 g batch, heated in Ne 
under static conditions 
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Table 2 initial mixture. With increase 
Results of experiments on heating compositions in the Se05 content the relative 
with different amounts of HjSe03 at 800° percent of elemental Se sublimed 

- —____ +~«—«dincreases; this is accompanied 

1 Se balance, % Composition of <a j 
ScOs in ae = = I scold hase aon Rennes eee cere in the 

batch, % trtrog|subli- |solid Otaly pase | ZnS | ZnO a eee epsolsds phase. 
mate phase | found The maximum ZnSe content is ob- 
. ae ~ es oop reer eate tained when the initial ratio of 

5 117,31 0.7 | 17,9 | 18,6 | 36.0 | 64.5 | — ZnS to HpSe03 is taken close to 

40 27172 5 22S 25,8 STO | 35,8 | 5,4 unity; with further increase in 

50 33,8 Oe ee 20 66 33, 90/852.) 8,8 |».6,2 the 
Aa 39°8 398 5'8 | 38.6 | 28:81 3.0 | 674 Ho9Se03 content there occurs 


a sharp reduction in ZnSe in the 
solid phase and increase in the 
loss of Se. 

With ZnS:HpSe03 equal to 2:3 there is obtained pure zinc oxide containing 
only a few tenths of a percent of selenium. Analysis of the products obtained 
in heating the batch at different temperatures shows that both with a ZnS:H2Se0, 
proportion of 1:1 and 2:3 the ZnSe content in the product heated at 500 and 6000 
is higher than in the products obtained by heating at 800°. It was also found 
that reduction in the percent ZnSe with increasing heating temperature is connect- 
ed with its oxidation by zine selenite or SeQ,5 forming as a result of thermal dis- 
sociation of ZnSe03, which begins above 600°. 

In further research we investigated in detail by the methods of chemical and 
x-ray phase analyses of the final products as well as by the thermographic proce- 
dure the diverse reactions occurring in heating of a given batch as well as the 
reactions occurring in heating of "dry" and "wet" batches with different propor- 
tions of the components and at different temperatures. 

Among the particular reactions we investigated the following: 1) ZnS + Se, 
(dry batch), 2) ZnSe03 +S, 3) ZnSe03 + Se, 4) ZnSe03 + ZnS, 5) ZnS + Se, 6) ZnSe + 
+S, 7) ZnO - ZnS, 8) ZnO + ZnS + Se, and 9) thermal dissociation of ZnSe03. 

On the basis of the experimental data, which will be reported on in detail 
elsewhere, it proved possible to draw certain definite inferences regarding the 
chemism of the processes occurring in the heating stage. Below we give only the 
principal deductions arrived at. 


Reactions involved in heating a mixture of "dry'' ZnS and Se09 powders 


On the basis of the experimental data and primarily from the proportion be- 
tween the percentages of SO5 and ZnSe, it may be inferred that the principal re- 
action in the case of the "dry" variant of synthesis does proceed in accord with 
the equation given in the literature: 


ZnS + SeO, —> ZnSe + SO. 


However, as the data of Table 3 shows, in this case also a significant role 
is played by the oxidizing influence of Se0p at temperatures from 100 to 300°, 
according to the reactions 

ZnS + 2SeO0, —> ZnSO, + 2Se + 76.4 kcal, 
2ZnS + 3Se0, — 2ZnO + 280, + 3Se + 51 kcal. 


As a result of these reactions up to 30% of the ZnS is oxidized to ZnSO 4 
and ZnO. Hence the zinc selenide product obtained by heating dry batches at 


800° contains up to 5-10% Zno. 
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Table 3 It should also be noted that 
owing to the strong exothermic 

character of the above mentioned 
oxidizing reactions, in the case 


Results of experiments on heating mixtures 
of dry ZnS - SeQg (1:1) powders 


Content, ® of a rapid rise of temperature of 
Tempera— Subli-| SO» een moisture-free mixtures of ZnS and 
Dee basing Rac er Unie ore SIeee Se0y powders, there occurs in the 
temperature interval from 50 to 
wm | mal ts2| ss | 2s] 2] 107] 2.0 1500 (depending on the experiment- 
al conditions) ignition of the 


batch. This effect is similar to 
the flame oxidation reactions occurring between SeO 5 and many organic compounds, 


described by Emeleus & Riley*. 
Also characteristic of the dry batch procedure is the presence in the final 


product of an appreciable amount of unreacted zinc sulfide, which is probably due 
to the fact that in this version of the synthesis procedure the mixture is never 
as homogeneous as in the case of the 'wet’' procedure. 


Chemism of the reactions occurring in heating 
Scan papScaed Sapa VaR BESET Aa EEEY HIG TEES OT TESLA PEI A PS ee Ee 
batches synthesized by the wet procedure 


On the basis of the data of reaction balance experiments and taking into ac- 
count the results obtained in investigating the ZnS + 2Zn0 + 3Se reaction, we can 
write the following scheme for the reaction of ZnS with HoSe03: 

1) ZnS + Hz SeO; — */3 ZnSeO; + 7/3 S + 1/3Se + 1/3 ZnS + H,O 
(at room temperature) ; 
2) */5 ZnSeO, + 2/,S — 4/5 ZnSe +- 2/;SOz. 


(< 400°) 
3) ?/5 ZnS + */, ZnSeO; —> */, ZnSe + 7/ SO2 + ?/, ZnO 
(400 — 500°) 
4) ?/y ZnO +- 1/y ZnS + °/, Se —> 3/, ZnSe + 1/, SO, 
(500 -— 800°) 


Or, for the overall equation, we have; 
ZnS + H,SeO,-—> ZnSe + SO, + H,O. (3) 


All the above transformations are evinced in the thermogram (Fig.1), where 
the exothermic effect should be attributed to the ZnSe03 + S and ZnSe03 + ZnS 
reactions and the endothermic effects to reactions between ZnO, ZnS and Se. 

Thus it may be assumed that in the ideal case complete conversion of ZnS 
to ZnSe occurs according to the above equations. In practice, however, particu- 
larly in the case of small batches, one cannot avoid partial vaporization of both 
elemental selenium and Se05; reaction balance experiments show that approximately 
5-7% of the Se is lost from the batch by sublimation so that in practice complete 
transformation of ZnS to ZnSe is unattainable. Actually, even in the best samples 
of zinc selenide obtained by the described reactions, the zinc oxide content 
amounts to several percent. More complete conversion is always favored by in- 
creasing the size of the batches and by minimizing the flow of gas through the 
batches with a view to preventing removal of vaporized Se and Se0,. 

Preliminary experiments aimed at investigation of the chemism of the reac=- 
tion between CdS and H2Se0. showed that in this case the general character of the 
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interaction is similar to that between ZnS and HoSe03, i.e., that the reaction 
‘occurs through formation and reduction of CdSe0.,. In the case of cadmium sul- 
fide, however, the reaction with HgSe03 proceeds much more slowly. To insure a 
more rapid reaction rate, the CdS must be mixed with the H2Se0. solution while 
heating. 

Thus the presence of zinc or cadmium oxide in the products obtained by heat- 
ing selenium rich batches consisting of ZnS or CdS and H SeO3 is inevitable. 
Hence it is impossible to obtain high quality pure ejentie phosphors without a 
final step of extracting the zinc oxide impurity. 


Influence of the synthesis conditions on the luminescence properties 
of zinc selenide phosphors 


The cathodoluminescence curves for a number of phosphors recorded with V, = 
= 9 kv and Ig = 2 ya/om2 are shown in Fig.3. The phosphors were heated at 800° 
in an atmosphere of purified nitrogen «0.02% 02) under static conditions, using 
2% NaCl as the flux. The zinc selenide used for the syntheses was obtained by 
precipitation of ZnSO, with hydrogen selenide and contained some heavy metal im- 
purities (Fe, Cu, Ni, Co and Mn - total amount <5-1079%). To drive off the oxy- 
gen, the ZnSe was heated at 400° in a stream of hydrogen. The zinc sulfide em- 
ployed contained 3-10-5% Fe, 5-10-6% Cu, and 1-10-5% Ni and Co. 

The selenium dioxide was purified by double sublimation and contained less 
than 3-10-5% heavy metal impurities. The curves of Fig.3 show the cathodolumi- 
nescence spectra of activatorless and copper activated (5°10-3% Cu) phosphors 
synthesized of pure ZnSe heated in hydrogen and also phosphors synthesized by 
the "wet" procedure from ZnS + HoSe03 with component proportions of 1:1 and 2:3. 
In the latter case (curve 1), as was noted above, there is obtained zinc oxide 
containing an admixture of a few tenths of a percent of selenium. 


700 
Amu 


450 ; 650 


Fig.3. Cathodoluminescence spectra of different zinc selenide and zinc sulfide- 
selenide phosphors. 


According to the data of Bundel' & Ginzburg?, in this case there is obtained 
the phosphor Zn0:Se. This luminophcr has a broad diffuse maximum in the 590-610 
mu region and also a significant amount of emission in the yellow, green and blue 
parts of the spectrum. The other curves show that in the case of synthesis by 
the ZnS + HoSe03 reaction, both in the case of activatorless phosphors and in the 
case of activation by Cu, the presence in the phosphor of zinc oxide, forming as 
a result of the above mentioned reactions, leads to an appreciable broadening of 
the spectral maximum and its displacement some 10-20 mp to the side of shorter 
wavelengths. 
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s decreases with increase in the amount of zinc 
oxide present: thus if we take the luminance of ZnS:Cu (NaCl) heated at 800° with 
excitation by an electron beam of 9 kv and 2 ya/om2 as 100%, we find that the 
brightness of ZnS-HgSe03:Cu (NaCl) is equal to only 75%, that of ZnSe (NaCl) to 
45%, ZnS-:HpSe03 to 4% and Zn0:Se to 6.5%. 

Thus in the synthesis of pure selenide phosphors, for example, phosphors 
intended for color television, the presence of zinc oxide has a deleterious ef- 
fect. At the same time it may be said that the available data on the lumines- 
cence properties of sulfide-selenide phosphors synthesized of ZnS + H2Se03, the 
ZnSe content in which corresponds to 15, 20, 25 and even 40% SeO9, exhibit no 
significant difference as regards brightness and the luminescence spectrum from 
phosphors synthesized from chemically pure ZnSe. This is due to the fact that 
with a low content of SeO 9 in the initial batch no significant amount of zinc 
oxide impurity is formed in the zinc-sulfide-selenide synthesis reaction. 


The luminescence brightnes 
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USE OF THERMOGRAPHY FOR INVESTIGATING ZINC SULFIDE 
- E.G.Vasil'eva & S.A. Fridman 


The primary purpose of our work was chemical-physical investigation of zinc 
sulfide phosphors by thermography. In the thermographic procedure different physi- 
cal and chemical processes are studied on the basis of the exo- and endothermic ef- 
fects accompanying them.! The range of application of thermography is extensive: 
it allows of detecting changes in state and phase transitions, solution and crys- 
tallization, chemical reactions, colloidal processes, etc. 

Konstantinova-Shlezinger and her co-workers? have used thermography for in- 
vestigating luminophors based on heterodesmic compounds, the luminescence proper- 
ties of which are connected with the formation of specific chemical compounds, a 
process which is clearly evinced in thermograms. To the best of our knowledge 
the thermographic technique has hitherto not been used for investigating zinc sul- 
fide phosphors. This is explained by the fact that such investigation presents 
serious difficulties inasmuch as the zinc sulfide base does not undergo any sig- 
nificant chemical reactions incident to heating, except for transition from one 
crystalline state to another. 

Moreover, in working with zinc sulfide there is the added complication that 
the conventional temperature sensing element, a platinum-platinrhodium thermo- 
couple, cannot be used in view of the fact that the platinum reacts with sulfur. 

We decided to check the possibility of using thermography for investigating 
zinc sulfide particularly with a view to detecting the transformations occurring 
therein. To prevent the reaction of platinum with sulfur we used special thermo- 
couple jackets of fused quartz. As the raw material we took zinc sulfide produced 


by the 'Krasnyi khimik" (Red chemist) Plant, of the grade now used for the fabrica- 
tion of most phosphors. 


990 1100 


Fig.1. Heating curve for pure ZnS. Fig.2. Cooling curve for pure ZnS. 


400 500 600 
A, Tye 


Fig.3. Luminescence spectrum of ZnS 
heated at 650°. 
Fig.4. Heating curve for 
znS + 5% NaCl. »— 


Fig.1 shows the thermogram obtained for pure zinc sulfide. There are evident 
in it five thermal effects: 1) a negative effect at 100°, 2 & 3) positive effects 
at 275 and 475°, 4) a group of negative effects with minima at 600, 645 and 675", 
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40° 550° 645° 700° 
eat) ee P| tee “oa et aie 2 Go8| ce eee 
3,14 |100 8 3,20 |100 a* | 3,12 100 8 3,20 | 100 B. 
3,04] 15 | ZnS2O4 | 3,07 | 9 7nS,04 | 2,67 | 20 Bs. 3,07 | 15 | ZnS.04 
3 6A Pd | ZNStOy | 214s | ZOn a me peran 2, 10" 2 ZnS Oe | se Be 
. 3B 5°69 |B" 1 'znS.0¢ 
1,64 | 80 1,89 |100 B 4,86 |100 8 
1.61} 3 ay 1760 | 5 | ZnS:04 | 1,79 | 5 | ZnSeOq | 4,89 | 100 
1,34 | 10 1 A Taig! 08 lie Bgmteclcts6! 80 8 1,64 | 80 8 
1,23 | 45 134/45 |) 4,56|40,| 8, 4,55 | 10 B. 
23250 4,34 | 30 3 & 1,34 20 

or a 4:19 | 5 1°53 | 20 1,24 | 40 
4°03 | 25 B | 4743 | 30 g | 1.20 | 10 1:20 | 40 
0795 | 20 0/95 | 20 440 | 18 1,10 | 20 
0.91 | 30 0/91 | 30 1°03 | 10 g | 4,04] 25 8 
PelBT} [Se /8)} [RRA { [ea] # 

9 0/82 | 20 5 
ome eat Be 0.85 | 5 0.85 | 10 

| 0.82 | 10 0/82 | 10 


*The underlined lines differ from those of sphalerite and wurzite. 


and 5) a positive effect at 1050°. 

In addition to the heating curves, we recorded the cooling curves. The 
thermographic record for slow cooling is shown in Fig.2 and shows that effect 4 
is reversible. 

In order to elucidate the origin of these thermal effects we prepared zinc 
sulfide samples heated at the temperatures corresponding to the noted effects. 

The samples were studied both by obtaining x-ray diffraction patterns and record- 
ing the luminescence spectra. 

The luminescence spectra were excited by ultraviolet Qymax = 365 mu). The 
zine sulfide heated at 450° emits a yellowish luminescence (visual observation) ; 
that heated at higher temperatures has a yellowish-green luminescence peaking at 
510 mu and with no significant persistence (Fig.3). 

The x-ray diffraction data for the different samples are given in the table 
above. 

It will be evident from the table that up to a heating temperature of 580° 
zinc sulfide has a typical face-centered cubic lattice with the usual interplanar 
spacing; at 580, 645 and 700° the lattice differs from that of ordinary sphalerite,, 
but the diffraction patterns still contain a number of lines common to sphalerite. 

In order to detect the transition and obtain some indications of its charac- 
ter, we recorded the heating curve for zinc sulfide with 5% NaCl (the mineraliz- 
ing agent or flux commonly employed). The thermogram is shown in Fig.4. It will 
be evident that the first and second effects are reduced, the third disappears, 
while the fourth changes somewhat but retains the same general character, We in- 
vestigated the luminescence spectra of zinc sulfide with 5% NaCl prepared at the 
temperatures corresponding to the observed effects. 

Samples heated at 200, 250, 390 and 420° exhibited no luminescence; that 
heated at 480° yielded a weak luminescence (visual observation). The samples 
heated at 560 and 580° show distinct luminescence, the maximum of which lies at 
510 mu; samples heated at 600° exhibit characteristic blue luminescence peaking 
at 470 mu. The maximum brightness of the blue luminescence is obtained at t = 
= 915°; at higher temperatures the brightness decreases (Fig.5). A small shoulder 
is observed in the thermogram at 600°. X-ray diffraction studies showed that 600- 
740° there appear new lines; the structure obtained at these temperatures has 
lines common to sphalerite; no wurzite lines are observed. 
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Fig.5. Luminescence spectra of ZnS + 

+ 5% NaCl heated at different tempera- Fig.6. Quartz vessel for heating 

tures: 1) 560°, 2) 580°, 3) 600°, 4) zine sulfide in an atmosphere of 

620°, 5) 720°, 6) 780°, 7) 915°, 8) gas (H,S). 

1040° (lower part of sample), 9) 

1040° (upper part of sample). In addition, we recorded thermograms 
for ZnS heated in an atmosphere of hydrogen 
sulfide. For these experiments the powder 
was enclosed in a special quartz bulb (Fig. 
6). The hydrogen sulfide was purified of 


" oxygen and moisture and heated; the outflow- 
1050 ing gas was absorbed by caustic soda. The 
quartz thermocouple jacket was ground to 
190 600 plug the filler opening. 


As will be evident from Fig.7, in an 
atmosphere of hydrogen sulfide, thermal ef- 
fect 3 disappears, effect 4 acquires "struc- 
ture’, and effect 5 changes sign. On the 
basis of all the experimental data we propose 
the following interpretations of the effects. 

1. 50-100-190°. The effect is due to 

aaa tS elimination of moisture. 


Fig.7. Heating curve for pure Zns in 2. 190-275-3809. The effect is associ- 
ig HS. ated with crystallization following dehydra- 
tion. 


3. 415-475-520°. The effect is due to exothermic oxidation. This is a strong 
effect which is partially suppressed by the quartz jacket (this was substantiated 
by thermograms recorded without a jacket). The oxidation reaction is 


2ZnS + 309 = 2Zn0 + 2S05 + 121 keal; 


' this reaction has been thoroughly studied in connection with the metallurgy of zinc. 
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4. 600-645-675°. This effect apparently represents a transition to a new 
crystal form differing from sphalerite and wurzite. It is significant that this 
effect persists in a reducing medium and in the presence of impurities. Under 
the usual heating conditions this process proceeds rather slowly and has two mini- 
ma which are apparently due to the fact that the rearrangement of the lattice oc- 
curs in two stages. As noted above, the cooling curve indicates that this effect 
is reversible. 

Buck & Strock? investigated zinc sulfide single crystals by means of a high 
resolution diffraction spectrometer and found that at temperatures from 1020 to 
850° there is observed a new crystal lattice of zinc sulfide, which is very simi- 
lar to sphalerite. In calculating the directionality of the crystal, they found 
that this lattice is rhombohedral. It is difficult to distinguish in x-ray dif- 
fraction patterns inasmuch as its Bragg angles are virtually identical to the 
Bragg angles of sphalerite. Buck & Strock carried their experiments down to 850°, 
but infer that the rhombohedal region extends to 600°. We did not have the pos- 
sibility of checking the crystallographic data, but on the basis of the thermo- 
graphic curves, we feel safe in asserting that there occurs a polymorphic trans- 
formation within these temperature bounds. 

It is interesting and significant that blue luminescence begins in this tem- 
perature range. 

5. 1050°. This effect must be attributed to the formation of wurzite struc- 
ture. The fact that in heating in air this effect is positive, while in heating 
in a reducing medium it is negative, indicates that there simultaneously occur 
two opposed reactions. 

The above deductions are of a preliminary nature; further thermographic 
studies are in progress. 


"P,N. Lebedev’ Physical Institute 
Academy of Sciences of the USSR : 
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ON THE FORMATION AND CHARACTERISTICS OF SOME ZINC SULFIDE LUMINOPHORS 
- A.V.Lavrov 


Experiments with activatorless ZnS 


The present work was undertaken with a view to clarifying further the role 
of oxygen and chlorine in self-activation of ZnS. 

One of the first steps in the experimental program was to check the infer- 
ences of Riehl & Ortmann! regarding the participation of oxygen in the formation 
of the blue luminescence centers in ZnS. 

We heated mixtures of ZnS + 5% NaCl in an atmosphere of purified argon. Oxy- 
gen-containing impurities were eliminated from the reagents by a procedure similar 
to that employed by Riehl & Ortmann. By way of initial material we used zinc sul- 
fide supplied by the ''Krasnyi khimik" (Red chemist) Plant, which contained ~0.8% 
Zinc sulfate. The sulfate was completely eliminated by heating the material in 
HoS at 500° and the purified zinc sulfide was stored in a vacuum exsiccator. The 
NaCl (CP grade) was dehydrated by melting under purified argon. Prior to purifi- 
cation the argon contained 0.01% oxygen, which we removed by passing the gas 
through an alkaline solution of pyragallol, heated copper turnings and a freshly 
prepared suspension of Mn (OH) 9. Water vapor was removed by means of KOH, P05 
and freezing with solid CO5. The batches for heating were prepared by mixing 
ZnS (H9S) + 5% NaCl without further drying. Prior to heating the entire system 
was purged for several hours with purified argon. 

The zine sulfide batches were heated by two procedures: 1) in a weak flow 
of argon at 850° for 30 min ("'dynamic'’ conditions) and 2) under static conditions 
at 980° for 15 min. 

In the case of the most complete elimination of oxygen,ythe characteristic 
blue luminescence of ZnS was absent. This result was obtained in heating both 
under the “dynamic” and static conditions. If, however, one uses initial ZnS 
containing 0.8% sulfate there is obtained a product with bright blue luminescence. 
Bright luminescence is also obtained in the case of heating a mixture of 
ZnS (HoS; 500°) + 2% ZnO + 5% NaCl. The absence of blue luminescence in the oxygen 
free experiment cannot be attributed to inactivity of the flux as mineralizer. In 
heating by the static procedure, despite the absence of luminescence of the prod- 
uct there was observed good sintering of the samples. As the results obtained sub- 
stantiate the inferences of Riehl & Ortmann regarding the role of oxygen in the 
formation of the ZnS blue luminescence centers. In contrast to the results of 
Riehl & Ortmann, however, we noted that bound (ionic) oxygen plays an active role 
in the formation of blue luminescence centers. 

To determine whether there is any connection between the presence of residu- 
al (not washed out) chlorine and the appearance of the characteristic blue lumi- 
nescence, we carried out chemical determinations of chlorine in the samples. The 
chlorine was determined by turbidometric analysis. For purposes of analysis a 
~0.2 g sample of ZnS was thoroughly washed to remove chlorine and dissolved in 20 
ml chlorine-free 4N HjSO, with gentle heating for 5-8 hours. Portions of the so- 
lution were further heated for some time for complete elimination of dissolved 
H9S. Then 1 ml 1% AgNO3 solution was added to the test solution and the turbidity 
of the AgCl suspension was compared with the turbidity of standard solutions with 

Cl content. 
Meise cic results of determination of chlorine in Pee oa ZnS and also in the 
i d nonluminescent samples are shown in Table l. 
Resins ts evident from Table 1 that there is no substantial dtiference as 

ds the residual chlorine content in the luminescents and nonluminescent 
Et Soka deg ; i entration (~5:1075 gram- 
samples. At the same time the absolute chlorine conc 
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Table 1 


Luminescence 


i terial 
Initial ma (\. = 365 mp) 


No. 


ZnS initial, unheated 

ZnS (H9S;500°) - 5% 

NaCl; dynamic heating: 

30 min at 850° 

3 ZnS (H»S;500°) - 5% 
NaCl; static heating: 

15 min at 980° 


4 ZnS (initial) - 5% Bright blue 
NaCl; dynamic heating 
5 ZnS (initial) - 5% Bright blue 


NaCl; static heating 


atom/mole) is very close to the values obtained by Kroger & Hellingman?. Note- 
worthy is the fact that the concentration of not-washed-out chlorine remains con- 
stant regardless of the heating conditions (compare samples Nos.2 & 3 and 4 & 5)e 
Our deduction that there is no correlation between the residual chlorine content 
in the ZnS and the appearance of blue luminescence is consistent with the work 

of Bundel'3, but in conflict with the results of Kroger & Hellingman who attri- 
bute the appearance of blue luminescence to increase of the Cl concentration in 
the zinc sulfide. 


Role of chlorine in the formation of traps in ZnS:Mn 


We felt it would be of interest to determine whether there is any relation 
between the residual chlorine content and the luminescence properties of other 
ZnS phosphors. For this purpose it is convenient to use ZnS:Mn, which allows of 
independent variation of the manganese and chlorine contents. 

Table 2 shows the results of ana- 
Table 2 lysis of ZnS:Mn samples, washed before 
Geter ges analysis to remove the flux. The 
Cl ’ chlorine was determined by the proce- 
g Cl/g ZnS dure described above. The manganese 
was determined by the following proce- 
dure: a weighed amount of sample was 
dissolved in 4N H9S0,, then the man- 
ganese was oxidized by potassium perio- 
date to MnOq4 and then determined by 
calorimetric titration. By way of standard solution we used a titrated solution 
of KMnO,. 

It will be evident from Table 2 that even with an order of magnitude varia- 
tion in the Mn concentration, the chlorine concentration remains almost the same. 
On the other hand, it is apparent that there remains in the phosphor only ~60% of 
the manganese introduced into the initial batch. This decrease in activator con- 
centration is of considerable interest. Hence we carried out analytic determina- 
tion of Mn in different ZnS:Mn samples that were heated with different fluxes 
(NaCl and KCl) and without flux (the manganese was added in the form of MnClo). 
The results are shown in Fig.l from which it will be apparent that in going from 
heating without flux (curve I) to heating with flux (curves II & III) leads to 
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C,g Mn/s ZS 


8 410% 219° Cog Mn/é ZnS 


Fig.1. Variation of the manganese con- 
centration C in the phosphor (heated Am 
for 30 min at 850°) with the initial Hig. 2 ) 
Mn concentration Cy in the batch: I - ZnS without flux (heated in Ng), II - ZnS + 
+ 2% KCl (in argon), III - ZnS + 2% NaCl (in No). 
Fig.2. Cathodoluminescence spectra of ZnS:5.5-10-3 Mn samples with 
different chlorine concentrations. Excitation conditions: 10 kv, 
1077 amp/em2, I - Co] = 1.8-10-5 g/g, II - 5.4-1075 g/g. 


Ln 
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Fig.3. Cathodoluminescence decay curves of znS:5.5:1073 Mn samples with different 
chlorine concentrations: I - Coy = 1.8°10-5 g/g, II - 5.4-1079 g/g. 
Fig.4. Cathodoluminescence decay curves for ZnS:1072 Pb (excitation 10 
kv, 10-8 amp/em2). The curves were recorded with a GG-14 filter for 
discrimination of the Pb band peaking at ~514 mu. I - ZnS:Pb, II - 
ZnS: Pb:Cl. 


decrease of the percent Mn incorporated into the ZnS from ~95% to ~60%.* 

This fact and the linear variation of C with Co indicate that incomplete in- 
corporation of the Mn into the zinc sulfide in the case of heating with flux is 
due to distribution of the manganese between the two solvents, namely, the solid 
ZnS and the molten flux. That such separation between the solvents occurs was 
proved by direct chemical determination of Mn in the wash water (evaporated to 
dryness). This analysis showed that approximately 40% of the Mn is carried off 
with the sodium chloride in the wash water. 

To clarify the role of residual (not-washed-out) chlorine in ZnS:Mn phos- 
-phors we prepared samples with the same manganese concentration (5.5°1073 g/g by 
analysis) but with different amounts of chlorine. The samples were heated in 
purified No for 30 min at 850° without flux; in one case the manganese was intro- 

*Almost 100% incorporation of Mn can be obtained in heating with a flux 
provided the manganese is introduced into the batch in the form of its sulfate. 
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duced in the form of MnClg, in the other case in the form of MnSO4 (the sulfate 
was not eliminated from the initial ZnS before heating). The wavelength of the 
cathodoluminescence peaks and the energy of the peaks for such samples agree 
(Fig.2). Such samples differ, however, as regards light sum storage. Whereas in 
the case of the sample with a high chlorine content (~5.5-107°5 g/g) one obtains 

a glow curve with many peaks (observations made by V.F.Tunitskaya) , in the case 
of the sample with a low Cl concentration there is no evidence of light sum stor- 
age. Consequently, the decay curves for these samples are radically different 
(Fig. 3). 

Increase in the chlorine concentration also greatly extends the decay of 
ZnS:10-2Pb (Fig.4). In view of the experimental results it must be inferred that 
chlorine in ZnS:Mn and possibly in other sulfide phosphors participates very act- 
ively in the formation of traps. Possibly there occurs formation of trapping 
levels according to Klasens*. 


Conclusions 


1. Our experimental data indicate that oxygen in ionic form participates in 
the formation of the blue luminescence centers in ZnS. 

2. The appearance of blue luminescence in the case of activatorless ZnS is 
not connected with the retention in it of chlorine not washed out with the flux. 

3. When ZnS:Mn phosphor is washed to remove the flux (NaCl or KCl) as much 
as 40% of the Mn present in the batch may be lost. 

4. It was found that chlorine impurity in ZnS:Mn plays a decisive role in 
the formation of the system of trapping levels. 

I desire to express my gratitude to V.P.Prokhova for assistance in prepara- 
tion of the samples, V.K.Verzunov for performing the decay measurements, Yu.V. 
Voronov for the spectral measurements and V.F.Tunitskaya for observations regard- 
ing the storage of light sums. 
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USE OF LUMINESCENCE FOR INVESTIGATING SOLID PHASE REACTIONS IN THE 
Ca04-Alj03 SYSTEM 


- A.K.Trofimov 


The great sensitivity of the luminescence line spectra of rare earth and 
chromium activated phosphors to changes in the crystal structure of the host ma- 
terial enabled us earlierl to follow some simple crystallochemical transformations 
by observation of these spectra. These observations were limited, however, to es- 
tablishing the temperature bounds for the existence of individual solid phases of 
known chemical composition. Yet the use of luminescence line spectra for observa- 
tion of more complicated solid phase processes with identification of the chemical 
composition of individual phases should greatly extend the scope of practical uti- 
lization of these spectra for physical-chemical analysis. To check this it was 
obviously expedient to investigate by this procedure some relatively complex crys- 
tallostructural process studied earlier by other techniques with a view to compar- 
ing the results with the known data. For the purposes of this study we chose the 
Ca0-Alo03 system which, as is known, is important in the technology of different 
types of cement, particularly so-called alumina cement. 

It is known? that there occurs complex chemical interaction between CaO and 
Alj903 in the solid phase at high temperatures and that this interaction leads to 
the formation of a number of compounds differing as regards composition and crys- 
tal lattice. Nagal & Naito’ established that in the reaction of these oxides, 
regardless of their proportions, there first forms only calcium monaluminate, 
Ca0-Al503. In the presence of an excess of one of the two oxides, the monalumi- 
nate reacts with it to form compounds, the composition of which depends on the 
quantitative relation between the reacting components. The existence of 3Ca0: 
"Alo03; 5Ca0° 3Al 03 and Ca0*2A1503 has been established with fair reliability, 
although some eainores still question the existence of 3Ca0-Alo03. Toropov~ re- 
cently obtained calcium hexaaluminate,Ca0°6Al203, which belongs in the class of 
B-alumina. There is only fragmentary information in the literature on the tem- 
perature conditions of formation of all the known calcium aluminates. It is re- 
ported”, for example, that Ca0-Aloj0. appears at a temperature of approximately 
900-1000°. The other compounds form at 1300° and higher. 

In the present report we give the principal results of our investigation by 
the luminescence line spectra procedure of the chemical interaction between Ca0 
and Alj03. By way of activators we used Eu and Sm. The luminescence of the 
phosphors obtained by activation of the materials forming in or participating in 
the solid phase chemical reactions was excited in a GOI (State Optical Institute) 
spark phosphoroscope®, The luminescence spectra were photographed on a diffrac- 
tion grating spectrograph (dispersion 50 and 25 A/mm) . 

The luminescence spectra of CaO and Alg03 activated by Eu and Sm are repro- 
duced in Fig.1. The emission of these phosphors is concentrated in the yellow- 
red region and consists of a number of lines characteristic of each phosphor. 

The ability of the initial oxides and, as will be shown below, their reaction 
products to form bright phosphors with characteristic line spectra is what en- 
abled us to carry out the present investigation. 

In order to be able to identify the products of chemical reaction between 
CaO and Alg03 from their luminescence spectra, we first had to investigate the 
spectra of all known calcium aluminates. To this end Eu and Sm doped mixtures 
of the oxides of calcium and aluminum prepared both of oxides roasted before- 
hand and of mixed water solutions of the nitrates of these elements taken in 
molecular proportions of 3:1, 5:3, 1:1, 1:2 and 1:6, were sintered for 1 hour in 
1400°, Fig.2 shows the luminescence spectra and Table 1 the wavelengths Se enae 
principal lines in the spectra of 3Ca0+Al903, Ca0*Alo0z, Ca0*2A190, and CaO 203 
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Fig.1. Luminescence spectra of 1) Ca0:Eu, 2) Alg0,:Eu, 3) Ca0:Sm, 4) Aloj03:Sm. 
Fig.2. Luminescence spectra of 1) 3Ca0-Alj03, 2) Ca0-Al903:Eu, 3) 
Ca0°2A1903:Eu, and 4) Ca0-6Al903:Eu and also of 5) Alj03:Eu and 6) 

Ca0O:Eu heated for one hour at 1400°. 
Fig.2. Luminescence spectra of mixtures of CaO + Alj03 of different composition 
(see table 2) heated at 1400°. 
Fig.4. Luminescence spectra of Ca0-6Al90. heated for 1 hour at 1) 
700°, 2) 800°, 3) 900°, 4) 1000°, 5) 11080, 6) 1200°, 7) 1300°, 8) 
14009; and luminescence spectra of a) Alg03:Eu and b) Ca0:Eu. 


activated by europium. * 


ee ee ee ce ee ee ee ee es ee 


*Inasmuch as all the results obtained for the Eu and Sm activated phosphors 
agree, hereinafter for the sake of brevity we shall refer only to the lumines- 
cence spectra of phosphors containing Eu. 


ma 
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a ; a Table 1 
avelengths of the lines in the luminescence spectra of calcium aluminates of dif- 


ferent composition activated by europium 


3Ca0.Al.O; | CaO. Al,03 Ca0.2A1,0; Ca0.6A1,05 
On ——— ———— : 
No. Rel. | N R R | R 
ie ae AEN NO+)a,mu| Gat eS ear tien tone eae 
4 579,6 1 4 |606,4| 4 1 |578,9| 2 fms 590,60. aS 
2 587,4 2 2. 7608,4|. 4 e588 2) ao Sa RS gas ae 
3 | 59,8 2 3 |610,4| 4 3 |589,6| 4 SONGLD Oe 7 
4 593,8 4 4 |611,8| 4 L502 Vin 4 DOW G47 4 1 
5 Gti en ehOe dee. o).643,41. 2 5 |599,6| 3-4 5 | 619,5 i 
6 614,7 gl CO ee ae” 6 |605,3| 2 Gu pel7, 5 ee 
7 616,0 4 A oLe Th TN COT ato TOE 655 BS ae? 
8 6196 Brulee 8 wi620;3 |» 4 8 |611,6) 10 
9 623,4 2 9 |614,8| 5 
{0 | 627,3 3 10 |620,0] 3 
14 6289 2 44 A626 Ane 1 
12 649, 0 3 12 |648,2] 2 
13 649 ,8 4 13° }652,61. 3 
14 651 ,9 4 14 |655,3| 2 
15 654,3 4 45 |656,3| 2 


It will be evident that these spectra differ noticeably from each other both 
as regards the number and the wavelengths of the lines. In none of the spectra 
are the characteristic lines of Ca0:Eu or Alj0.:Eu evident, which indicates that 
the above mentioned heat treatment conditions are adequate for the formation of 
the enumerated compounds. This inference is also substantiated by the results of 
x-ray diffraction studies. We did not obtain a new, different spectrum for the 
5CaO + 3A1902 mixture phosphor; this spectrum represents the sum of the spectra 
of Ca0°Al,0.,:Eu and CaO:Eu. The compound 5Ca0°3Al 903, as Nagal & Naito? showed, 
appears only at temperatures above 1500°. 

Thus each compound has its own characteristic spectrum which we utilized in 
further work as an,indicator for detecting the presence of the given compound in 
the solid phase system. 

The difference in the mixture preparation procedure (wet and dry) was evinced 
only in the brightness of the spectra: the spectra of the products obtained by the 
wet mixing procedure were brighter. We attribute this result to more perfect crys- 
tal formation of the reaction product owing to better intermixing of the particles. 
In other words, we have here a case of influence of the degree of dispersion (fine- 
ness) of the particles on the reaction rate in the solid phase, in accord with the 
findings of Jander’. 

Having established the character of the luminescence line spectra of most of 
the known calcium aluminates, we turned to an investigation of the chemical inter- 
action between CaO and Alj903 as a function of the proportion of these oxides in 
the mixture and the heating temperature. Our purposes were to establish the chemi- 
cal composition of the primary reaction product and the nature of the secondary 
products and to determine the temperature bounds of the existence of the various 
detected calcium aluminates. To this end we prepared Eu and Sm activated phosphors 
from mixtures consisting of different proportions of the initial components; we 
gave preference to the wet procedure of forming the mixtures. The molecular com- 
positions of the tested mixtures are listed in Table 2. 

In most cases the mixture component proportions corresponded to the calcium 
aluminates known from the literature, both those the existence of which is reli- 
ably known and those that are still in question (the latter are identified by as- 
terisks in Table 2). For the purpose of following the variation of the lumines- 
cence spectra of compositions differing little from reliably known calcium alumi- 
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Table 2 
Molecular composition of CaO + Al503 mixtures tested as the phosphor base material 


_—_—$$<$—$$— $$ $$ ————$——— i ee 


[ 
No. Composition | No. Composition No. | Composition 
* A CaO + Al,O ih 5 CaO + 3 AloOg | 13* | 3 CaO + 5 Al20s 
2 3 a0 de Atc0: g* | 3Ca0+ 2 Al,Os | 14 GaO + 2 Al,Os 
he 5 CaO + 2A1,03 9* 6 CaO + 5 AlgO3 |) 15* CaO + 3 Al,03 
4X 2 CaO + Al,O3 LO 41 CaO + 10. Al2Oz |} 16 CaO ‘i 4 Al,Oz 
hy 9 CaO + 5A1,03 14 CaO + = Al,O3 } 17 CaO + 6 Al.Os 
oye 12 CaO + 7A1203 2 4 CaO + 5 Al,0s; |] 18 CaO + 10 Al,Oz 


nates we prepared three additional mixtures with slightly different compositions; 
these are listed as Nos.12, 16 & 18 in Table 2. Carefully weighed out batches of 
all the mixtures were subjected to 1 hour heating at temperatures ranging from 
700 to 1400° in 100° steps. The luminescence spectra showed that the primary re- 
action product in all mixtures heated at 600° is only Ca0-Alo503. Increasing the 
roasting temperature of the mixtures leads to changes in their luminescence spec- 
tra. 

Fig.3 shows the spectra of different mixtures roasted at 1400°. In the 
photograph one can distinguish four qualitatively different spectra belonging to 
3Ca0°Alp03, Ca0°Al903, Ca0°*2A1503 and Ca0°6A1503. The lines of the luminescence 
spectra of the other compositions either belong to the spectrum of one of the 
enumerated compounds or represent the sum of the spectra of one of the compounds 
and one of the initial components. From the luminescence spectra of identified 
composition heated at different temperatures we succeeded in establishing the ap- 
proximate temperatures of the beginning of formation of each of the above men- 
tioned calcium aluminates. By way of illustration in Fig.4 we reproduce the lu- 
minescence spectra of the CaO + 6Al203 mixture heated at different temperatures 
from 700 to 1400° for 1 hour. As will be evident from the figure, the lines 
characteristic of Ca0°6Al903:Eu, namely, the 590.6 and 592.3 doublet and the 
615.0 mu line, are already evident in the spectrum for the mixture heated at 
1100°, which indicates that this compound begins to form in the solid phase at 
approximately this temperature. 

Similar investigations of the luminescence spectra of other mixtures con- 
taining CaO and A120, in the proportions 3:1, 1:1 and 1:2 showed that as a result 
of heating there form in the mixtures the corresponding compounds 3€a0°A1 0, at 
12002, Ca0*A1l90, at 900° and CaO 2A1903 at 1000°. Here it should be noted that 
the appearance of the line spectra characteristic of a given compound is predi- 
cated not simply on the presence of the compound per se, but on formation of its 
typical crystal lattice. Hence it must be inferred that at the indicated tempera- 
tures the forming aluminates already have a crystal structure. 

On the basis of observation of the appearance and disappearance of the indi- 
vidual characteristic lines in the luminescence spectra of the mixture samples 
heated at different temperatures, we arrived at the following conclusions regard- 
ing the conditions governing the formation of the various compounds. 

1. Tricalcium aluminate, 3Ca0+Aloj03, forms from the 3CaO + Alo03 mixture at 
1200°, At lower temperatures we detected the presence of Ca0°Al20, in this mix- 
ture. Consequently, the 3Ca0-A1903 formation reaction is presumably 


Ca0+A1203 + 2Ca0 —> 3Ca0°A1903. 


This inference is substantiated by the fact that with decrease in the amount 
of calcium oxide in the mixture, the amount of 3Ca0-Al903 formed decreases and 
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becomes virtually nil in the case of the mixture having the composition 2Ca0O + 
i+ Al903. 


2. We did not detect the formation of 5Ca0-3Al903 at any of the experimental 
temperatures, i.e., up to 1400°, 

3. Calcium monaluminate, Ca0-Alo03, forms at a rapid rate from the 1:1 oxide 
mixture in the 900-1000° range. With increase of the heating temperature and the 
same proportion of oxides, there occurs only ordering of the crystal lattice of 
this compound inasmuch as the luminescence spectrum does not change in intensity, 
only the lines become sharper. 

4. Calcium dialuninate, Ca0*2A1503, appears, as was noted above, at 1000°. 
This compound also appears but in smaller amounts in the case of impoverishment 
of the mixture in alumina (for example, from the 4CaO + 5A190, mixture) or lime 
(from the CaO + 4A150, mixture) also at about 1000°. Inasmuch as Ca0-2A1,03 is 
absent below this temperature, while Ca0*Alj0, is already present in the mixture 
it may be inferred that the dialuminate forms by the reaction 


Ca0°Alo0, + Al,03 — Ca0* 2A1002, 

5. Calcium hexaaluminate, Ca0*6Al5003, which forms from the CaO + 6A1203 mix- 
ture at 1100°, also forms together with Ca0+2Al903 in mixtures with smaller amounts 
of alumina. With increase in the heating temperature the amount of both compounds 
increases. Inasmuch as the dialuminate appears before the hexaaluminate, it is 
possible that the latter compound forms by the reaction 


Ca0+2Al903 + 4A1,0, —+ Ca0°6A1903. 


In view of the considerations set forth above, however, it may be assumed 
that this compound may also form through the reaction: 


Ca0°Al503 + 5A1503 — Ca0°6A1903. 


Thus utilization of the line luminescence spectra of rare earth phosphors 
~ produced by activating the base materials taking part in both the simple and com- 
- plex reactions in the Ca0-Al90, system proved to be a satisfactory means for iden- 
: tifying the chemical composition of the individual solid phases and for determin- 
ing the reaction temperatures. The lime-alumina compounds detected in this manner 
are in agreement with those known from the literature. In the course of our in- 
vestigation we obtained a number of interesting results. Among these is definite 
proof of the existence of tricalcium aluminate and the fact that this compound and 
Ca0°*2A1920, and Ca0°6Al1503 begin to form at temperatures somewhat lower than com- 
monly reported hitherto. Possibly the lower values of the formation temperatures 
found in our experiments are explained by the fact that the mixtures of the ini- 
tial oxides employed were practically ideal inasmuch as they were prepared from 
water solutions of calcium and aluminum salts. 

In conclusion I desire to thank P.P.Feofilov for his guidance and friendly 
assistance in carrying out the present research. 


"S I. Vavilov’ State Optical Institute 
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LUMINESCENCE OF MANGANESE ACTIVATED STRONTIUM METAANT IMONATE 
- M.-L.Yu.Allsalu 


Manganese activated phosphors described in the literature and used in in- 
dustry have green, yellow or red luminescence. For example, the following phos- 


phors are known: 


Green Yellow Red 
Q-Zng8i0g:Mn (525 mp) B-Zn2Si04:Mn (560 my) MgS:Mn (665 my) 
ZnGe04:Mn (537 my) CdSi03:Mn (605 my) Sb204:Mn (630-640 my) 
MgAl1 904: Mn (523 my) CaS:Mn (589-611 my) Mgo9Si04:Mn (640-680 my) 
CaSbg0g:Mn (510-520 mu) ZnS:Mn (586 mu) CagP907:Mn (633 my) 


Among the phosphors that have been more or less thoroughly studied there 
are almost no cases of shift of the Mn band below the green region. In view of 
this, investigation of manganese as activator in SrSbo0¢ is of particular inter- 
est inasmuch as the peak of the emission band in this case lies in the blue re- 
gion. 

We synthesized the phosphor samples from specially purified Sb205 and SrC03 
which, according to the data of spectroscopic emission analysis, contained only 
traces of iron and no other heavy metal impurities. The activator was introduced 
in the form of repurified MnSO4. In preparing the phosphors, the initial materi- 
als, Sb205 and SrC03, were thoroughly mixed with a water solution of the activa- 
tor, dried and then heated. All the operations were carried out under conditions 
minimizing the possibility of contamination. 

To obtain a fully homogeneous fine grain phosphor it is expedient to carry 
out the heating in two stages with intermediate grinding of the partially react- 
ed batch. 

The resultant fine, pure white powder is strongly excited by cathode rays 
and more weakly by ultraviolet; in the latter case the excitation region extends 
from 200 to 250 mu with a peak at 220 mu. The cathodoluminescence emission band 
(440-475-530 mu) is very narrow (half-width ~30 mu), which results in a high de- 
gree of saturation of the emission color. 

The host material of the phosphor is apparently strontium metaantimonate, 
inasmuch as the maximum luminance is observed for phosphors prepared from batches 
with a composition approximating SrSbo0g. Shift of the composition to the side 
of SrgSbo007 always results in a decrease in brightness. In the case of phosphors 
the batch composition of which approaches the pyroantimonate (SrgSbo07) , prepared 
at comparatively low heating temperatures corresponding to the region of stabili- 
ty of pyroantimonate, the blue band disappears and is replaced by weak rosy lumi- 
nescence. A large excess of Sbo05 also has a negative effect on the luminance. 


= 
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7,°C 

Fig.l. Variation of the cathodolumines- 
cence intensity of SrSb90g:Mn with the 
heating temperature; 1 hr heating; Cyn = 
= 0.05%. 
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Fig.3. Cathodoluminescence spectra of 
SrSb20g:Mn with different activator 


concentrations (20 min heating at 1100°): 


1) 0.01% Mn, 2) 3% Mn. 


60 
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Fig.2. Variation of the cathodolumi- 

nescence intensity of SrSbo0g:Mn with 


the heating time at 11009; Cy, = 0.05%. 


450 500 
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Fig.4. Cathodoluminescence spectra 

of phosphors in the system (Sr0-Ca0) 
Sbo05:Mn (1 hr heating at 950°; Cyy = 
= 0.03%): 1) Sr0-Sbo905:Mn, 2) 
(3Sr0°Ca0) Sbo05:Mn, 3) Sr0°Ca0°Sb905: 
:Mn, 4) (Sr0°3Ca0)-Sb905:Mn, 5) 
Ca0°Sb905: Mn. 


The character of the activator concentration dependence of the luminescence 
intensity indicates that in SrSb90g the manganese acts as a typical activator. 


Nonactivated strontium antimonate does not luminesce. 
becomes evident at an Mn concentration of 10-3% by weight. 


Distinct blue luminescence 
The luminescence 


brightness and the degree of saturation of its color progressively increase with 
increase of the Mn concentration, attaining a maximum at about 1% Mn and remain- 


ing at a high level up to an Mn content of 3%. 


With further increase in the 


activator concentration the cathodoluminescence brightness falls off rapidly. 
Formation of an efficient phosphor begins at a heating temperature of 800° 
and the luminescence intensity progressively increases with increasing tempera- 


ture to 1100° (Fig.1). 


constant temperature proves to be more complex. 


The variation of the luminance with the heating time at 


The brightest phosphors are ob- 


tained with relatively short-term heating: 30 min at 1100° and 1 hour at 1050° 


(Fig.2). 


The decrease in brightness with more prolonged heating is probably due 
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to volatilization of part of the antimony oxide. We measured the relative lumi- 
nescence intensity by means of an FEU-18 photomultiplier with CR excitation at 

4 kv and 0.05 ya/em, A blue cathodoluminescence band but of different shape is 
induced in strontium metaantimonate by other activators such as Bi and Ti. One 
cannot attribute the blue luminescence of SrSbg0g:Mn to such metal impurities or 
to a stoichiometric excess of Sb. In addition to the concentration dependence 
curve, evidence against this is the substantial difference between the photolumi- 
nescence excitation regions and also the time lag characteristics of the phosphors. 

The cathodoluminescence spectrum of SrSbo90g6:Mn phosphor is characterized by 
great stability as regards variation in composition and synthesis conditions. The 
luminescence spectrum also does not depend on the activator concentration (Fig.3), 
the composition of the mixture up to the point of formation of strontium pyro- 
antimonate and the heating temperature; it changes somewhat but not significantly 
with variation of the heating time. The cathodoluminescence spectra were recorded 
with CR excitation of 4 kv and 0.5 pa/cm2. 

The behavior of the phosphor spectrum in the case of isomorphic replacement 
of the host cations by calcium is rather interesting (Fig.4). Further studies are 
necessary to determine whether the observed change is due to shift of one band 
owing to change of the lattice parameters or to superposition of two independent, 
close bands. 

I desire to express my sincere gratitude to A.V.Moskvin for his guidance in 
the work. 


Tartu State University 
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SUITABILITY OF THE THIOSULFATE PROCEDURE FOR PREPARATION OF ZINC SULFIDE 
FOR SYNTHESIS OF PHOSPHORS 


- M.I.Tombak, 0.V. Popova, A.F.Kemar & A.A.Bundel' 


At present zinc sulfide for the production of phosphors is prepared by pre- 
cipitation of the ZnS from a water solution of zinc sulfate with hydrogen sulfide. 

Guntzl,2 proposed a number of other procedures, not involving the use of H9S, 
for preparing zinc sulfide, one of these - the thiosulfate procedure - was inves- 
tigated in detail by Grillot3,4, Investigation of the thiosulfate procedure is 
of considerable interest and value because the phosphors prepared from the prod- 
uct differ as regards properties from phosphors prepared from ZnS produced by the 
conventional procedure. GrillotS-7 explains this by the fact that the reaction 
product in the thiosulfate process is zinc disulfide rather than the usual mono- 
sulfide. The disulfide sulfur is uniformly distributed through the bulk of the 
product and is eliminated only at high temperature, which, in the opinion of Gril- 
lot, creates conditions favorable for complete reduction of all the oxygen com- 
pounds present in the batch. 

Thus the distinctive characteristics of ZnS phosphors obtained by heating 
amorphous zine sulfide prepared by the thiosulfate procedure are attributed by 
Grillot to complete absence of oxygen in the final phosphor, in contrast to phos- 
phors obtained from the ordinary sulfide even after their deoxidation by H92S. 

Inasmuch as some of the points in Grillot's report appeared obscure to us, 
we undertook an investigation of the reaction of sodium thiosulfate with zinc 
sulfate and a study of the phosphors prepared of the resultant "zinc disulfide’. 


Investigation of the mechanism of the reaction of 
zinc sulfate with sodium .thiosulfate 


The reaction in question was first described by Allen & Crenshaw, who as- 
sumed its mechanism to be described by the following equation 


ZnSO, -+ 4NaeS203 = ZnS + 4S + 4NapSO,q. (1) 


Allen & Crenshaw, who worked with dilute solutions, also detected the for- 
mation of small amounts of HgS04, S09 and HoS as a result of side reactions. 

Grillot investigated this reaction from the standpoint of phosphor chemistry 
using concentrated solutions. According to Grillot, this is an ionic third order 
reaction leading to the formation of zinc disulfide and dithionate: 


Zn?+ + 28,02 = ZnS; + S,02. (2) 


This interpretation of the reaction mechanism is of great interest inasmuch 
as third order reactions are very rare in general and ionic third order reactions 
are virtually unknown. Moreover, the reaction products of NagS903 with the salts 
of other heavy metals (Cu, Ag, Hg, Cd, Sr, Co and Pb) are always the correspond- 
ing monosulfides. 9 

In our experiments we worked with solutions of the same concentrations at 
99 + 1°C and in general adhered to the conditions described by Grillot. 

A detailed description of the chemical aspects of the work will be publish- 
ed elsewherel9, Here we only note that on the basis of determinations of varia- 
tions in the concentration of Zn2*, S9057°, $0477 and S042, of the content of 
polythionates and dithionate and of the composition of the precipitate at dif- 
ferent stages of the process, we definitely established that the reaction of 
ZnSO4 with NagS903 has a mechanism different from that suggested by Grillot. 
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The reaction mechanism is characterized by the following series of equations: 


Zn2+ + S02 + H,O0 = ZnS + H2S0z, (3) 
NaeS205 +- H2SO4 = H2S.03 + NaeSOu, (4) 
Os See OECCe eS (5) 

6NagS20¢ -|- 9SOg == 4NagS305 + NazS4O6 -+ NaeS5Qv. (6) 


The principal reaction (3) leads to the formation of zinc monosulfide and 
H2S04. The latter liberates free thiosulfuric acid (4), which: by the tamil tar 
reaction (5) decomposes into S09, H»j0 and S; the last settles into the precipi- 
tate and contaminates the ZnS. S09, interacting with excess Na2S903, forms a 
mixture of penta-, tetra- and trithionates (6) which in subsequent stages of the 
reaction decompose with the formation of S, S2- and H9S04. 

Despite careful and tho- 
Table 1 rough analysis for sodium di- 
thionate, we failed to detect 


Tine from bor ine Oot this compound at any stage of 
Composition of ¥ ee a i- i the process. 
Ee ON a i: : re Inasmuch as the composi- 
tion of the precipitate form- 
Zine 08, 84 09 , 42 62,16 42,06 ing in the reaction is of de- 
Sue a 26) 08 ae ae aie finite interest from the stand- 
TiO aaa 4 We ip 3,80 2,88 ons point of phosphor chemistry, 
H20 8,10 6,20 1,92 2,34 we list the results of analyses 
of the precipitate at differ- 
Vowel 99,74 99, 87 99,92 99,13 ent stages of the process in 
Zn Table 1. 
Si fide oat.” 1:0,998] 4:0,998) 4: 0,998) 4 : 4..025 Thus the interaction of 
Zn : ae, ZnSO4 with NapS503 is a second 
Total 6? 2t-® BOG eisy| Wea |) al eal Ok} | al oP be 


order reaction, proceeding with 
the formation of zinc monosul- 
fide, which at later stages of 
the process is contaminated with elemental sulfur, the amount of which may attain 
2.5 atoms S per atom Zn if the process is extended for a considerable period. Up 
to 97-98% of the surstoichiometric sulfur can be removed from the ZnS by extrac- 
tion in a Soxhlet apparatus. 


Purification of the reagent solutions 


The expediency of using the thiosulfate procedure for preparing phosphor 
zinc sulfide depends primarily on the possibility of adequate purification of 
the Na2S903 to eliminate activator cation impurities. 

The procedure for purifying zinc sulfate solutions is well known!1-13, There 
are no data in the literature, however, on the elimination of metal impurities 
from hyposulfite solutions; hence we investigated the possibility of purifying 
NaQS203 by recrystallization and also of purifying its solutions by coprecipita- 
tion and by sorption, chromatographic and extraction techniques.12 The effect- 
iveness of the different procedures was evaluated on the basis of the impurity 
content in the sulfide obtained from the reaction of ZnSOq4 with Na2S003 purified 
by the given procedure. 

The results, which are listed in Table 2, show that adequate purification 
of NagS903 can be realized either by sorption or by extraction methods. The 


choice of procedure to be used in any given case will be determined by techno- 
logical considerations. 


, 
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Anionic impurities in ZnS prepared by the thiosulfate procedure 


At the instant of precipitation zinc sulfide has a high adsorptive capacity, 
so that the sulfide precipitate obtained both by the conventional Ho9S procedure 
and by the thiosulfate technique is always contaminated with oxygen containing 
anionic impurities. 

Washing the zinc sulfide, both that obtained by the conventional Ho9S proce- 
dure and that prepared by the thiosulfate technique, by decanting with water does 
not fully eliminate the S047. Usually the sulfate radical is present in the 
amount of 1-2% in the commercial sulfide. Its content can be reduced somewhat 
by very thorough washing. According to the data of Polumbo & Levinel4, the S047 
can be completely eliminated from ZnS precipitated with HoS by washing with NaCl 
solution. In the case of zinc sulfide prepared by the thiosulfate procedure wash- 
ing with concentrated NaCl solutions does not result in complete removal of so3- 
but does allow of reducing its content to 0.1%. 

In the thiosulfate procedure the precipitate, jn addition to SOZ-, can entrap 
other oxygen containing anions: S203", S05 and Sn06 - Determination of these 
anions in ZnS by conventional analytical methods is impossible owing to the fact 
that they decompose when the precipitate is being dissolved. We established the 
presence of oxygen containing anions in the zinc sulfide by investigating the gas 
evolved in heating the product. 

It is known!5 that in the 600 to 700° temperature range zinc sulfide reacts 
actively with the sulfate according to the equation 


(7) 


In the case of heating zinc sulfide prepared by the conventional hydrogen 
sulfide procedure the amount of SOg liberated corresponds to that calculated by 
means of Eq.(7) from the S04n content in the initial sulfide. In the case of 
heating the product prepared by the thiosulfate method, however, the SO9 yield 
is approximately 5 times greater than the amount calculated according to GD% 

Hence the zinc sulfide obtained by the thiosulfate procedure is highly con- 
taminated with oxygen containing anions. The presence of a significant excess of 
elemental sulfur does not assure reduction of the oxygen containing compounds ow- 
ing to the fact that the sulfur is volatilized at a temperature of the order of 
450° and hence cannot participate in the reactions occurring in the solid phase 
at 600-700°. 


Luminescence properties of activatorless ZnS phosphor prepared 
by the thiosulfate procedure 


The spectra of activatorless ZnS phosphors prepared by the thiosulfate tech- 
nique differ from the spectra of ordinary (H5S) zinc sulfate phosphors. The char- 
acteristic blue band is shifted some 80-100 to the side of longer wavelengths. 
In addition, these luminophors have a persistent green afterglow, the intensity of 
which depends on how thoroughly the initial sulfide is washed. As regards color 
and persistence the afterglow is very close to the phosphorescence due to copper. 
Hence for the purposes of qualitative characterization we compared our samples 


with a series of ZnS:Cu phosphors with known Cu concentrations. : 


Zine sulfide prepared by the thiosulfate procedure and washed with water 
yields after heating a phosphor with an afterglow persistence close to that of 
ZnS: 2+10-6Cu. The same sulfide, but washed with a solution of NaCl and heated 
under the same conditions, exhibits a phosphorescence identical to that of ZnS: 
22°10-’Cu. The spectra of these samples are reproduced in Fig.1, from which it 
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will be apparent that the spectrum of the water 
washed phosphor contains a green band with Amax = 
= 530 mu. 

Treatment of the zinc sulfide prepared by the 
thiosulfate technique with 1N H2gS0, appreciably 
reduces the intensity of the green phosphorescence. 
Earlier, one of us (Bundel'1l6) established that 
activation of ZnS with oxygen leads to the appear- 
ance of a green luminescence band close to the 
characteristic band of copper. Since more thorough 
washing of the product could not reduce the Cu con- 
tent in it, it follows that the observed phosphor- 
escence is due to activation of the "thiosulfate’ 
ZnS by oxygen from decomposition of the oxygen con- 
a a taining anionic impurities. 

A, Mt To check this inference we prepared a sample 
of ZnS obtained by the hydrogen sulfide procedure 
Fig.1. Luminescence spectra with the addition of 4% impurity-free ZnSO,4. The 


Hh 
100 


of activatorless ZnS phos- green band peaking at 530 mu was also present in 
phors prepared by the thio- the phosphorescence spectrum of this phosphor (Fig. 
sulfate procedure and of a 1, curve 3). This experiment as well as direct 


sample prepared from a batch analytic determination of Cu, which yielded a value 
doped with 4% ZnS0O4: 1) ZnS of Coy < 5:10-8 g/g, show that this band is due to 
phosphor prepared from the oxygen activation and should not be confused with 
sulfide washed with water, 2) the familiar copper band. 

same but from phosphor with 


NaCl solution, 3) commercial Thermal stability of the oxygen band 
ZnS phosphor prepared with 
4% ZnSOq. We found a dependable means for identifying the 


oxygen band in investigating its thermal stability. 
Quenching of the oxygen band occurs at a higher temperature then fading of the Zn 
band: by heating the phosphor to 93° one of us!’ was able to observe it in pure 
form. 

By sublimation in vacuum (p < 1-10-73 mm Hg) at 1100° we prepared a ZnS:0 
phosphor the luminescence spectrum of which consisted of the oxygen band with 
Amax = 530 mu and a very weak Zn band. Experiments with this phosphor showed 
that with increase of the temperature from room temperature to 200° the bright- 
ness of the oxygen band falls off by a factor of 4 (Fig.2, curve 2). We observed 
a similar decrease in the brightness of the green band in the emission of activa- 
torless ZnS phosphors obtained by the thiosulfate procedure (Fig.2, curves 3 & 4). 
The luminance measurements in this case were carried out at temperatures above 
100° when the zinc band is suppressed by temperature quenching. 

The temperature dependence of the Cu band brightness has an entirely differ- 
ent character: at 200° its brightness is approximately equal to that at room tem- 
perature?®, Thus the difference in thermal stability of the oxygen and copper 
-pands provides a reliable means of distinguishing between them. 


Possibility of using the thiosulfate procedure for synthesis of phosphors 
Possibiiity of USing pe eee eS eee 


With sufficiently careful and thorough washing of the sulfide the intensity 
of the green phosphorescence due to activation by oxygen can be reduced to the 
intensity of the green afterglow of phosphors with 2-107% g Cu per g ZnS. Such 
a sulfide obviously cannot be used for the synthesis of blue short-persistence 
phosphors. 


- 1354 - 


100 


50 


20 
40 


20 40 100 at 430 470 = 510 — 550 590 Amp 
Fig .2 Pig.e 


Fig.2. Variation in the brightness of the copper and oxygen bands with the phos- 
phor temperature: 1) Cu, 2)09, 3 & 4) brightness of the green band in the lumines- 
cence of ZnS phosphors obtained by the thiosulfate procedure. 

Fig.3. Luminescence spectra of different phosphors: 1) ZnS:Ag, ZnS ob- 

tained by the thiosulfate procedure, 1') ZnS:Ag, prepared from the com- 

mercial sulfide, 2) ZnS:Zn, ZnS obtained by the thiosulfate procedure, 

2') ZnS:Zn prepared from the commercial sulfide, 3) ZnS:Cu, ZnS obtain- 

ed by the thiosulfate procedure, 3') ZnS:Cu prepared by the hydrogen 

sulfide procedure. 


Table 3 The product, can however, be 


used for the preparation of phos- 
Luminance compared to phors with green and yellow lumi- 


Congr: teri nescence where short persistence 
Phosphor so is not a requirement. Using zinc 
wicl ae x-ray sulfide obtained by the thiosulfate 
T procedure we prepared ZnS:Ag (K-5), 
wih tind ‘a ng ZnS:Cu (FK-106) and 58 ZnS-42CdS;: 
7S Ae “97 “37 :10-4Ag phosphors (the CdS was also 
ZnS — Cu 110 95 obtained by the thiosulfate proce- 
58ZnS:42CdS — 10-4 Ag 110 125 dure); the characteristics of these 


phosphors are shown in Table 3 and 
Figss< 
Thus the fact that these phosphors fully meet the current technical specifi- 
cations for phosphors of the indicated types, the possibility of eliminating the 
use of HgS and the simplicity of the technological operations involved make the 


thiosulfate procedure more promising than the now commonly employed hydrogen sul- 
fide technique. 
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ON VARIATION OF THE OPTICAL PROPERTIES OF SULFIDE PHOSPHORS INC IDENT 


TO ELIMINATION OF THE FLUX 
- A.M.Gurvich 


Interaction of silver and cadmium sulfides with mineralizing 
agents during ‘heating 


The present research was largely motivated by observation of the following 
two effects: 

1. When 58ZnS-42CdS:Ag phosphor prepared by heating at 1200° with sodium 
chloride as the flux and containing an appreciable excess of activator (0.2% Ag) 
is washed with water there is observed a change in the color of the phosphor, i.e., 
the phosphor acquires a distinct grey hue in reflected light1>2, This change in 
color does not occur if the phosphor is first treated with a 10-20% solution of 
hyposulfite. Similar effects are also observed in the case of ZnS:0.1Ag(4NaC1) 
phosphor prepared by 30 min heating at 950°. 

2. Treatment of 58ZnS° 42CdS:0.02Ag(4NaCl) phosphor heated at 1200° with a 
10% solution of sodium sulfide results in a distinct change in its properties: the 
phosphor acquires a reddish hue in reflected light, its luminescence brightness 
decreases (see Table 1 below) and the spectral composition of its emission changes: 
the luminescence band is cut off so that its maximum is shifted to the long wave- 
length side (Fig.1). At the same time the friability of the phosphor increases 

(cf£.Ref.3). Similar effects occur in the case of treat- 
i ment of self-activated 58ZnS-°42CdS(4NaC1)-1200° phosphor 
with sodium sulfide solution. On the other hand if the 
phosphor is first washed with water or hyposulfite solu- 
tion, the note changes in optical properties do not oc- 
cur, 

These observations can readily be explained if it 
is assumed that the surface of the initial (nonwashed) 
phosphor grains is coated with silver and cadmium chlo- 
rides formed during heating. In the process of washing 
with water the silver not incoporated in the host crys- 
tal lattice but present on the surface of the grains in 
4500 5000 5500 6000 65090 the form of AgCl reacts with the zinc sulfide to form 

2A black silver sulfide. Hyposulfite, which forms a stable 


Fig.1. Luminescence complex with silver, inhibits this reaction. 

spectrum of 58ZnS- 42Cds; When nonwashed ZnS*CdS phosphor is treated with 
:0.02Ag(4NaC1) phosphor sodium sulfide solution, the latter reacts with the 
heated for 75 min at CdClo and forms cadmium sulfide on the grain surfaces; 
1200° with UV excitation; this coating selectively absorbs the emission of the 
1) as prepared and 2) phosphor and modifies the color of the powder in re- 
treated with 10% NaoS flected light. 

solution. That the chlorides of silver and cadmium actually 


do form in the process of heating is indicated by the 
following facts. Analysis of the water extract from (Zn,Cd)S phosphor prepared 
with NaCl as the flux shows the presence of a large number of Cd2t ions. When 
such a phosphor is heated in a quartz tube partially inserted into a tubular fur- 
nace, cadmium chloride condenses on the cold part of the tube walls. 

Upon the addition of NaoS to a hyposulfite extract from previously unwashed 
ZnS:0.1Ag(4NaCl1) phosphor heated for 30 min at 950°, there forms a black silver 
sulfide precipitate which together with the white color of the phosphor indicates 
that the silver not incorporated into the host lattice is present primarily in 
the form of AgCl rather than in the form of Ag oS or free silver. 


” 
; 
- 
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Experimental proofs of the formation of zinc chloride in the case of heating 


‘ZnS phosphors with chloride fluxes are found in the literature4-8. 


It might be assumed that the AgCl forms by the reaction: 


AgoS + 2NaCl = 2AgCl + NaoS | (1) 


However, calculations based on the data in the literature9-12 showed that 
at the heating temperatures usually employed, the change in the standard isobaric 
potential for reaction (1) Az? >> 10 000 cal per mole AgoS (for example, for re- 
action at 950°C, AZ° = 53 800) and that consequently this reaction must be regard- 
ed as improbablel3. 

In order to explain the fact that AgCl nevertheless forms one must take into 
account the possible participation in the reaction of oxygen from the air, assum- 
ing that as a result of the reaction there forms NagSO,4 rather than NaoS, i.e., 
that the actual reaction is: 


AgoS + 2NaCl + 205 = 2AgCl + NagS0,q; (2) 


for this process AZ° << 0O in a wide temperature range. 

Direct experiments show that without oxygen interaction of AgoS with NaCl 
with the formation of AgCl does not occur; whereas in the case of fusion of AgoS 
with NaCl in the proportions of 1:5 by weight in contact with air there forms a 
large amount of AgCl (readily detectable by conventional chemical analysis), in 
the case of heating in oxygen free nitrogen the reaction does not occur, i.e., 
virtually no AgCl is formed. 

Thermodynamic calculations also show that the formation of CdClg and ZnCl, 
in the absence of oxygen is also improbable (cf.Refs.8 & 14); here, however, one 
must take into account the fact that the appreciably greater volatility of these 
chlorides as compared with AgCl favors a reaction of type (1). 

The fact that under the indicated experimental conditions the silver not in- 
corporated into the host lattice is transformed primarily into AgCl is consistent 
with the data known from metallurgy regarding the greater susceptibility of AgoS 
as compared with ZnS to chlorination!5, However, at high heating temperatures 
and also in the case of prolonged heating at relatively low temperatures the pro- 
cess is shifted to the side of formation of AggS inasmuch as the effect of the 
reaction 


2AgC1(liq) + ZnS(sol) = AggS(liq) + ZnClo(gas) (3) 


(at 950°, AZ8 = -14 240) is not compensated by chlorination of the silver sulfide 
by the sodium chloride. 

Zinc and cadmium chlorides, dissolving in molten sodium chloride, enter into 
reaction with it with the formation of the complexes 2NaCl-ZnClg and 2NaC1-Caci2, 16 
These complexes apparently form only at the time of crystallization from solution; 
however, their existence, as follows from the general regularities characterizing 
the behavior of molten salts!’, indicates that reaction of CdClg and ZnClo with 
NaCl does occur in the melt, a consequence of which is reduction of the vapor pres- 
sure of the volatile chlorides contained therein. 


Effects observed as a result of washing phosphors by different procedures 
Above we cited examples of particularly marked changes in the properties of 


phosphors as a result of washing to remove the flux. In the usual practice of 
flux removal, however, the resultant changes are less pronounced and the causes 
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producing them less clearly evinced. Nevertheless, the changes in brightness, 
for example, in the case of washing a phosphor with water or ammonia can be very 
appreciable. 

Table 1 shows the decrease in brightness of 58ZnS- 42CdS: 0. 01lAg(4NaC1) -1200° 
phosphor following washing by four different procedures. The heated phosphor, 
after the usual purification under ultraviolet light, was thoroughly mixed and 
then divided into five equal parts. One part was left untreated, i.e., was not 
washed to remove flux, each of the other four parts was placed into a tube filled 
with the indicated washing solution and the mixture was periodically agitated for 
30 min, after which the phosphor was filtered off in a Bucher funnel, washed un- 
der light suction with distilled water (the total volume of which was 5 times the 
volume of the main washing solution) and finally dried in air at room temperature. 
The luminance of the phosphors was measured by comparison with an arbitrarily 
chosen standard by means of a Pulfrich photometer in a tightly packed, optically 
"anfinitely thick” layer with excitation from the observation side. The excita- 
tion sources were an x-ray tube operated at a potential of 70 kv and a current of 
4 ma and a PRK-4 mercury vapor tube with a UFS-3 filter. The data presented in 
Table 1 are averages for six experiments carried out with different phosphor sam- 
ples. 


Table 1 The experi- 
Variation of the luminance of 58ZnS° 42CdS: 0.01Ag(4NaC1)-1200° mental results show 
phosphor with the washing procedure that the luminance 
Brightness in % of the luminance of the phosphor 
Solution used of the unwashed phosphor with excitation by 


Ultraviolet 
excitation 


X-ray ex- 
citation 


x-rays and by ul- 
traviolet light 
changes as a re- 


for washing 


20% NagSo0. 99.0 sult of washing 

Distilled water 85.8 in the same direc- 
5% NH40H 81.8 tion but to differ- 
10% NaoS 69.6 ent degrees; under 


the given experi- 
mental conditions the brightness with x-ray excitation falls off to a greater ex- 
tent as a result of washing out the flux (in the case of washing with distilled 
water, ammonia and sodium sulfide solution the ratio of the reductions in intensi- 
ty for the two types of excitation amounts to approximately 1.5). This effect was 
observed earlier by Rusanoval. According to our observations, this differential 
effect always obtains in cases when the decrease in brightness is due to the for- 
mation on the surface of the crystal grains of a coating absorbing the emission 

of the phosphor; in particular, it occurs in the case of washing with water of 
ZnS:Ag(NaCl) and (Zn,Cd)S:Ag(NaCl) phosphors containing a large excess of activa- 
tor, in the case of treatment of (Zn,Cd)S:Ag(NaCl) phosphor with sodium sulfide 
solution, and in the case of formation during heating of a grey coating of AgoS 

on ZnS:Ag(KCl) phosphors containing an excess of silver. In our opinion the ait- 
ference is due to the fact that with x-ray excitation a greater fraction of the 
luminescence is emitted from deep lying layers of the powder and hence must pass 
through more grains with absorbing coatings than in the case of ultraviolet ex- 
citation. 

In general, the different effects of washing out the flux on the photo- and 
roentgenoluminescence of phosphors, particularly when it is a question of small 
changes in brightness, may also be due to differences in the dependence of the 
absorption and scattering of the exciting radiation on the condition of the grain 
surfaces, in the possibility of transfer of the energy absorbed by the flux to 
the phosphor and in the influence on the luminescence brightness of the packing 


Zi 4 6 8 10 


Fig.2. Variation of the 
reduction in luminance of 
55ZnS° 45CdS: Ag (5NaC1) 
phosphor (heated 30 min 
at 1100°) as a result of 
washing with water with 
the activator concentra- 
tion in the batch. Ex- 
citation by 70 kv x-rays. 


Cage em? g/g 
Fig.3. Variation in the 
luminance of 58ZnS*42CdS: 
:Ag(4NaC1)-1200° phosphor 
not washed to remove flux 
(1) and washed with water 
(2) with the activator 
concentration in the flux. 
Excitation by 70 kv x-rays. 
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of the phosphor grains, the closeness of which depends 
on the state of their surface and therefore changes 
incident to washing. The absence of significant ab- 
sorptior and scattering of x-rays by the coatings form- 
ing on the grain surfaces during washing and the great- 
er sensitivity of roentgenoluminescence to the forma- 
tion of layers and films absorbing the luminescence of 
the phosphor prompted us to use this source of excita- 
tion in investigating the role of the products of re- 
action of sulfides with mineralizing agents in the pro- 
cesses occurring incident to washing of phosphors to 
remove residual flux. 

Fig.2 shows the variation of the decrement in 
brightness of 55ZnS*45CdS:Ag(5NaCl) phosphor resulting 
from removal of the flux by washing with water with the 
activator concentration in the batch. The phosphor was 
heated for 30 min in quartz tubes inserted into a fur- 
nace heated to 1100°. The phosphor samples were washed 
by five-fold decantation and then dried at 110-120°. 
The luminance was measured with excitation by x-rays; 
the standard in each case was the corresponding un- 
washed phosphor. 

With increase of the silver concentration in the 
batch, simultaneously with increase of the luminance 
decrement as a result of washing out the flux there 
occurs a change in the color of the phosphor in re- 
flected light; this is due to formation of silver sul- 
fide. Similar effects occur in the case of ZnS: Ag(NaCl) 
phosphor; quantitatively they are strongly dependent 
on the heating conditions (temperature, heating and 
cooling times, the manner in which the batch is mixed 
and packed into the tube, etc.) inasmuch as these de- 
termine the concentration of AgCl forming on the sur- 
face of the phosphor grains. 

Since both the luminance of the unwashed phosphor 
and the decrement in brightness as a result of washing 
out the flux depend on the activator concentration in 
the phosphor, the value of the optimum activator con- 


centration in the batch for obtaining the maximum luminance will differ for unwash- 


ed phosphors and phosphors washed by different procedures. 


This is illustrated in 


Fig.3 which shows the variation in luminance of unwashed and water washed 58ZnS° 


*42CdS: Ag(4NaC1)-1200° phosphors with the silver concentration. 


For phosphors 


washed by a procedure precluding the formation of AgoS (for example, washed with 
iodine and hyposulfitel) , the optimum silver concentration in the batch is the 
same as for the unwashed phosphor. 

The present experimental data indicate that in cases when the silver is in- 
troduced into the batch in a low, approximately optimal concentration, part of the 
activator remains on the surface of the phosphor grains. It would be desirable to 
check this by using radioactive tracers to determine the silver content in the 


flux phase. 
The action of water, 


brightness of (Zn ,Cd) S: Ag(N 
peculiar to phosphors conta 
ingof ZnS: 0.1Ag(4NaC1) -950° 


which substantially reduces the roentgenoluminescence 
aCl) phosphors, in contrast to the action of NagS, is 
ining silver activator, and, apparently, like the grey- 
-30 min phosphor as a result of moistening with water, 
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is due primarily to the 


2AeCl + ZnS = AgoS + ZnClo (4) 


reaction and also to some extent to hydrolysis of the zinc sulfide (the effect 
of this process is clearly evinced in the case of washing of phosphors prepared 
with NaI as the flux). 

As is known, hyposulfite and ammonia dissolve AgCl. Their effect, however, 
on (Zn,Cd)S:Ag(NaCl) and ZnS:Ag(NaC1) phosphors is entirely different. Whereas 
treatment with hyposulfite protects phosphors containing a large excess of silver 
from the formation of an AgoS coating; ammonia, on the contrary, promotes the for- 
mation of a silver sulfide coating. This difference in the actions of ammonia 
and hyposulfite, which is also evinced, as will be apparent from Table 1, in 
treatment with them of phosphors containing the usual (0.01%) Ag concentration, 
is explained by the fact that ZnS precipitates AgoS from the silver-ammonia com- 


plex: 
2[Ag(NH3) 2]* + ZnS = AgoS + [zn (NH) gq?" (ic ~ 1-102), (4') 


but does not precipitate it from the hyposulfate complex [Ag(S203) 9|*, inasmuch 
as the reaction 


2[Ag (S203) 9] °" + ZnS —+ AgyS + ZnSp05 + 38202" (k ¥ 1) 


is inhibited by an excess of hyposulfite. In addition, it must be borne in mind 
that ammonia favors hydrolysis of ZnS. 

Actually the reactions occurring incident to washing of phosphors with water 
and water solutions are complicated by the fact that they take place on the sur- 
face of a solid phase and that there participate in them substances that are com- 
ponents of a solid solution in which they may be coupled with other components by 
fairly strong bonds. 

There are superposed on the chemical processes discussed above sorption of 
molecules and ions contained in the wash water, for example, soluble sulfide or 
HoS, leading to change in the concentration of free electrons in the phosphor18-20 
and the various effects mentioned above in discussing the differences between the 
results of washing the phosphor as regards its photo- and roentgenoluminescence 
brightness, in particular, the changes in the absorption of the exciting radiation 
incident to elimination of the flux. 

All the data discussed above pertain to phosphors prepared with NaCl as the 
flux. The behavior of phosphors incident to elimination of the flux and their 
properties at high activator concentrations are strongly dependent on the nature 
of the halide flux. This is explained by differences in the reaction of sulfides 
with different fluxes, in the solubilities in the reaction products in water, in 
their solubilities in melts of the various salts, and in their ability to form 
complex compounds with fluxes (which determines the vapor pressure of volatile 
products), in the susceptibility of the fluxes to hydrolysis and oxidation and 
in the properties of the substances forming as a result of oxidation and hydroly- 
sis. 

Thus replacement of NaCl by MgClo favors volatilization of the zinc and cad- 
mium chlorides forming in the process of heating. Thus no detectable concentra- 
tion of Cd2- ions is present in a water extract from 582ZnS + 42CdS: 0.01Ag(4NaC1 9) - 
1200° phosphor. Hence treatment of this phosphor with 10% solution of NaoS does 
not have the effect observed by us in the case of 58ZnS ° 42CdS: 0.01Ag(4NaC1) -1200° 
phosphor. Also, in the case of the MgClo fluxed phosphor there does not occur 
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sO appreciable a decrease in luminance as a result of washing with water as in 
the case of phosphors fluxed with NaCl. 

Finally, it should be noted that not only the composition of the solution 
used for washing the phosphor but also the washing technique may have a substan- 
tial influence on the properties of the final phosphor, particularly if the 


change in properties incident to washing is caused by slowly proceeding processes 
such as hydrolysis. 


State Scientific Research 
Roentgeno-Radiological Institute 


References 


1. A.I.Rusanova, Thesis, Moscow, 1952. 

2. Z.1I.Klabukova, Transactions of the Fifth Conference on Luminescence, 
p.289, Tartu, 1957. (Trans.Abstract, Bulletin 21, No.5, 669.) 

3. H.W.Leverenz, U.S.Pantent, No.2421207 (1947). 

4, H.Schlegel, Naturwissenschaften, 30, 242 (1942). 

5. B.M.Gugel', Izv.AN SSSR, Ser.fiz., 9, 539 (1945). 

6. A.L.Smith, J.Electrochem.Soc., 96, 75 (1949). 

7. H.W.Leverenz, An Introduction to Luminescence of Solids, p.65, N.Y., 1950. 

8. N.Riehl (Ril') & H.Ortmann, Zhur.obshch.khim.25, 1057 (1955). (Trans. 
J.Gen.Chemistry.) 

9, K.K.Kelly, Bull.Bur.Mines (USA), 406 (1937). 

10. R.Fichte, Die thermodynamischen Eigenschaften der Metallchloride. - 
Berlin, 1953. 

11. N.A.Landin, Zhur.fiz.khim. (J.Physical Chem) 24, 257 (1950). 

12. O.Kubaschewski & E.L.Evans, Metallurgical Thermochemistry (Cited in 
Russian trans.). 

13. B.F.Dodge, Chemical Engineering Thermodynamics, N.Y., 1944. (Cited in 
Russian trans.) 

14. Gmelins Handbuch der Anorganischen Chemie, Sist. - Num.21,S8.537, - 
Berlin, 1928. 

15. D.M.Chizhikov, Khlopnyi metod pererabotki polimetallicheskikh rud i 
kontsentratov (Chlorine method of reprocessing polymetallic ores and concentrates) 
p.219, ONTI, 1936. 

16. E.L.Bakumskaya, Dissertation, Rostov-on-the-Don, 1955. 

17. A.I.Belyaev, E.A.Zhemchuzhina & L.A.Firsanova, Fizicheskaya khimiya 
rasplavlennykh solei (Physical chemistry of molten salts), p.46 & 79, M., 1957. 

18. S.Larach, J.Phys.Colloid.Chem., 54, 467 (1950). 

19. K.V.Tagantsev & A.N.Terenin, Izv.AN SSSR, Ser.fiz., 21, 525 (1957). 
(Trans.Bulletin 21, No.4, 523); Optika i spektroskopiya, 2, 355 (1957). 

20. F.F.Vol'kenshtein, Transactions of the Fifth Conference on Luminescence, 
Tartu, 1957. 


- 1362 - 


INVESTIGATION OF THE TECHNOLOGY OF ALKALINE EARTH SULFIDE PHOSPHORS 
WITH PERSISTENT PHOSPHORESCENCE™ 
- T.A.Krasnova 


It is a familiar fact that the most efficient phosphors with persistent 
phosphorescence are phosphors with a matrix of either zinc sulfide or the sulfide 
of one of the alkaline earths.!,2 Alkaline earth sulfide phosphors have a more 
persistent afterglow than zinc sulfide phosphors, are less subject to photolysis 
and are more effectively excited by incandescent light. Our domestic industry, 
however, has not engaged in the production of these phosphors owing to the fact 
that these base materials are subject to hydrolysis, which results in a signifi- 
cant loss of brightness. 

The purpose of the present research was to investigate and develop the tech- 
nology of preparation of strontium sulfide phosphor for industrial use and to 
find reliable means for protecting the phosphor against the influence of moisture 
with a view of obtaining coatings with a long service life. 


1. Synthesis 


The phosphor samples were synthesized in two ways: 

1) By the familiar procedure of heating a batch consisting of sulfur and 
strontium carbonate, which react to form a strontium sulfide, and 2) by heating 
a batch containing strontium sulfide prepared beforehand; the latter procedure 
has never hitherto been used for the preparation of phosphors of this class. 

The strontium sulfide used in the second procedure was obtained by passing 
hydrogen sulfide over strontium carbonate (we worked with charges of about 200 g) 
at a temperature of 850-900° for 3-4 hours. The strontium sulfide content in the 
final product varied from 95-98%. 

The initial batches were prepared by the dry technique, i.e., by mixing the 
components in a porcelain mortar or a ball mill followed by passing through a 
silk sieve. The activators, Bi and Cu, were introduced in the form of aqueous 
solutions of the appropriate salts together with the salts used as the flux; the 
mixture was then dried at ~100°. 


2. Characteristics of the phosphor 


The luminescence spectrum of the phosphor was excited by ultraviolet light 
and recorded on an UM-2 monochromator by means of a photomultiplier. The emis- 
sion maximum was found to lie in the vicinity of 480 mu. The phosphorescence 
brightness was determined on a special set-up with a photomultiplier (Table 1). 
The goes efficiency of the strontium sulfide phosphor was determined by the 
GIPKh procedure and found to be 52%. This is equal to the efficiency of the 
phosphor designated FKP-03-K [@KHII-03-K]. 

We also investigated the decay of phosphorescence of the strontium sulfide 
phosphor at different temperatures (Table 2). 

Visual observations of the afterglow of luminous markings and coatings on 
different manufactured products were carried out in a number of plants and organ- 
izations. In general, it was agreed that markings made with our SrS phosphor 
phosphoresce more brightly than those with FKP-03-K phosphor. It was found, how- 
ever, that the stability of markings made with the Srs phosphor in tests ee 


*V.M.Shul'man participated in the present research; L.I.Grudkov assisted 
in the search for protective materials. 
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Table 1 


Phosphorescence brightness, asb 


Daylight lamp (20 wi Incandescent lam 
oes 10 min; 20 cm) 1(20 w;10 min; 20 - 
time ; 
Srs | ES OB IK 
Antion 0, 6900 0,8400 0, 1600 0, 1820 
Ly ays 0, 2150 0, 1580 0, 0520 0, 0380 
10 » 0, 1030 0,0585 0,03835 0,0214 
15%» 0;0680 00364 06240 00140 
30 » 0,03825 0,0435 0,0120 0, 0056 
il Asta 0,0165 0,0054 0, 0053 0 ,0020 
2B. 0 , 0060 0,0015 0,0025 0, 0006 
ay 0, 0036 0,0007 0,0016 0, 0004 
4» 0,0023 0, 0004 0,0010 0, 0002 
uy ES 0,0015 0,0003 0, 0007 0, 0001 (4) 
6» 0,0042 0,0002 0, 0006 0, 0001 
7» 0.0009 0.0004 (3) 050004 070000 (7) 
8 >» 0,0007 0,0000 (9)| 0.0003 0.0000 (5) 
Table 2 


Variation of the phosphorescence brightness 
with temperature 


AD 


Decay Brightness, asb 
time, | 
- —49° —24° ge 18° PX bd 50° 
min | 
4 10,0425} 0,0650 | 0,2250 | 0,5700 | 0,3150 | 0,2250 
5 10,0054) 0,0274 0,0790 0,2090 | 0,1020 0,0705 
10 |0,0039 — 0,0480 0,1420 0,0590 0,0378 
45 10,0030) 0,0162 0,0395 0,0770 0,0420 0 ,0265 
30 |0,0026} 0,0C68 0,0187 0,0400 0,0210 0,04144 
60 |0,0023) 0,0058 0,0120 0,0165 0, 0083 0,0059 
ry 420 |0,0018] 0,0028 4 0,0040 | 0,0065 | 0,0042 | 0,0030 
480 |0,0012| 0,0020 0 ,0026 0,0040 0, 0026 0,0010 
240 |0,0012| 0,0045 | 0,0023 | 0,0031 | 0,0023 | 0,0010 


special conditions is inade- 
quate. There was evident need 
for developing application tech- 
niques insuring protection of 
the phosphor coatings from 
moisture. 


3. Materials for protecting 
the phosphor from moisture 


The principal shortcoming 
of SrS phosphor is that it 
undergoes hydrolytic deteriora- 
tion under the influence of 
humidity. Hence we paid parti- 
cular attention to this prob- 
lem in our work, for it was 
obvious that the use of phos- 
phors of this type must be 
severely limited unless suit- 
able means for protection 
could be developed. 

The search for suitable 
protective materials was car- 
ried out in several directions: 
specifically, we tested 1) syn- 
thetic resin varnishes, 2) 
plastics and 3) enamels. The 
stability of the different var- 
nish and plastics was determin- 
ed by measuring the phosphores- 
cence brightness before and 
after exposure of the samples 
under different conditions. 

Samples were subjected to 
the combined influence of at- 


mospheric factors by exposure to open air in summer; under laboratory conditions 
the samples were subjected to the influence of variations in temperature, moist 


Table 3 


Decrease of phosphorescence brightness of samples with luminous laquers 
and protected by plastic coatings 
Decrease in brightness over indicated test period 


Protective Exposure to Artificial Temperature Storage 
Y material atmospheric rain of -55° in 
, conditions room 
Melamine formaldehyde 1 month 19 days 10 days 4 months 
varnish 65% 34% 75% 14% 
; Polybutyl methacrylate 1 month 215 months 10 days 215 months 
“ varnish 65% 56% 87% 75% 
a Polyethylene plastic 1 month 1 month 10 days 3 months 
i‘- (covering) 30% 20% 7% 10% 


ERS 
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air and artificial rain. The results of the protective materials tests are given 


in Table 3. 
Attempts to develop luminous enamels with strontium sulfide phosphor failed 


to yield positive results: in all cases baking greatly reduced the brightness and 
duration of the afterglow. 


Discussion 


Tests of strontium sulfide phosphor samples under different conditions indi- 
cate that it is feasible to use this luminophor for making identifying markings 
with persistent afterglow. As regards brightness and duration of afterglow this 
phosphor is considerably superior to the FKP-03-K phosphor. The results of visu- 
al evaluations of identifying markings on different products also favor the Srs 
phosphor. The character of the temperature dependence of the phosphorescence de- 
cay of the SrS phosphor is such that at later stages (to 4 hours) the afterglow 
brightness at low temperature is somewhat inferior to the brightness at room tem- 
perature, but is still probably adequate for most practical purposes. This point 
is significant as regards extending the scope of industrial applications of this 
phosphor. 

There appear to be only limited possibilities for improvement of the bright- 
ness and duration of the afterglow of the synthesized phosphor. The data in the 
literature!-5 and our own experiments indicate that the brightness and persistence 
of phosphorescence change very little with variations in compounding and condi- 
tions of synthesis. However, through appropriate modification of the synthesis 
conditions it should be feasible to improve the grain-size composition of the 
phosphor with no sacrifice of the afterglow brightness. 

At present the problem of protecting the phosphor when used for signs and 
coatings exposed to weather has not been completely solved. The use of poly- 
ethylene for this purpose may lead to positive results provided the stability 
of the plastic itself can be improved. 


References 


1. P.Lenard, F.Schmidt & R.Tomaschek, Phosphrescenz und Fluorescenz. Hand- 
buch der Experimentalphysik, XXIII, Leipzig, 1928. 

2. N.F.Zhirov, Lyuminofory (Luminophors), M., 1940. 

3. L.Verynts, Tr.In-ta prikladnoi khimii (Proceedings, Institute of Applied 
Chemistry), No.8, 46 (1927). 

4. N.F.Zhirov, Zhur.prikladnoi khimii (Journal of Applied i 

. Chemistr 

5, 7 (1929-1930). a Y) aaeet 

5. U.Beduneau, Rev.prod.chim., 55, 5-6 (1952). 


-~ 1365 - 


ROENTGENOLUMINESCENCE AND THERMOSTIMULATION SPECTRA OF SIBERIAN DIAMONDS 
- E.S.Vilutis 


Roentgenoluminescence spectra 
Shira adel ~ Dede bet cna id rank tas catedindtect died Sateheethdedie 


There are only scanty data in the literature on the luminescence spectra of 
diamonds under x-ray excitation. In 1946 Ramachandran! described the roentgeno- 
luminescence spectra of two diamonds: one with bright blue fluorescence in the 
ultraviolet and the other with weak fluorescence. The roentgenoluminescence 
spectrum of the former had a pronounced dip at 415 mu and in the long wavelength 
region was virtually identical with the photoluminescence spectrum, i.e., exhibi- 
ted four characteristic bands at 427.8, 438.7, 451.3 and 464.3 mu. In the short 
wavelength region the spectrum extended from the dip at 415 mu to 3600 A and had 
valleys at 404.1, 395 and 385 mu. The spectrum of the second diamond was contin~ 
uous to both sides of the dip at 415 mn. 

In 1951 Bishui2 investigated the roentgenoluminescence of five diamonds and 
found that four of them (type 1) exhibited a broad luminescence band extending 
from 566 to 370 mu; in the case of two of the samples there were absorption bands 
at 415 mu accompanied by a number of bands in the short wavelength region. Ac- 
cording to Bishui, the diamond of the second type yielded no luminescence under 
x-ray excitation. He explained this result by the presence of impurities in the 
type 1 diamonds and the absence of impurities in type 2 specimens. 

In a later publication Sen & Bishui? described the results of investigation 
of seven diamonds of which six were of type 1 and one of type 2. In this case the 
authors obtained roentgenoluminescence spectra for all seven diamonds including 
that of the second type. All the spectra were characterized by the presence of 
a broad luminescence band extending from 390 to 520 mu, except for the type 2 dia- 
mond, in the spectrum of which this band was somewhat narrower. Of all these dia- 
monds only one (type 1) exhibited a narrow absorption band at 415 mu. In contra- 
distinction with the earlier results of Bishui for the same specimens, the authors 
found no correlation between the roentgenoluminescence brightness and the data on 
the absorption edges in the ultraviolet and the intensity of the blue band under 
ultraviolet excitation; in view of this they infer that different types of impuri- 
ties are responsible for the appearance of the blue band under x-ray excitation 
and the effects at 415 mu under ultraviolet excitation. 

For the present work we had available the large collection of diamonds made 
by the Amakinsk Expedition. In all we studied over 100 specimens. The lumines- 
cence spectra were photographed on an ISP-51 spectrograph using Negative A film 
(rating 250 GOST units). The luminescence was excited by x-rays from an AV-25 
tube operated at 22 kv and 15 ma. Depending on the fluorescence brightness the 
exposure time was varied from 10 to 60 hours. 

For some of the diamonds the luminescence spectra were also recorded with 
excitation by bremsstrahlung from a T1204 source with an activity of 20 mC. 

Although there were minor differences between the spectra of individual 
specimens, in general the roentgenoluminescence spectrum of the Siberian diamonds 
may be described as follows (Fig.-1). In the visible region there are two broad 
bands - a blue and an orange - separated by a diffuse interval of low brightness 
at 510 mu. The short wavelength part of the blue band does not have a sharp edge: 
dts intensity monotonically decreases at least to 380 mu in some cases. (It was 
found that the detectable extent of the blue band into the short wavelength re- 
gion depends substantially on the exposure time.) In many cases this part of a 
blue band has a fairly sharp dip at 415 mp. Usually there are no indications ro) 
structure in the blue region, either as regards the absorption band in or an 
length region under 415 my or the emission band in the long wavelength region. 


Fig.1. Typical luminescence spectrum of Siberian diamond. 
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In three cases, however, there were detected signs of 
structure in the form of emission bands, the peaks of 
which are located at the same wavelengths as the peaks 
of the 415 mu system with ultraviolet excitation. For 
this reason we question the inference of Sen & Bishui 
that different impurities are responsible for the blue 
band under x-ray excitation and the 415 mu system under 
ultraviolet excitation. 

The orange band, which is bounded on the short wave- 
length side by the dip at 510 mu, extends into the long 
wavelength region to 670 my and is apparently in effect 
limited by the sharp decrease in sensitivity of our photo- 
graphic film in this spectrum region. In many cases this 
pand exhibits structure, characterized by the presence of 
three peaks located at 550, 598 and 641 mu. 

We note that to the best of our knowledge there has 
been no previous mention in the literature of an orange 
roentgenoluminescence band for diamonds: apparently this 
band in the roentgenoluminescence spectrum is peculiar to 
diamonds of Siberian origin. 

A noteworthy feature brought out by comparison oOLthe 
roentgenoluminescence spectra of the numerous Siberian dia- 
monds studied is the lack of any significant correlation 
between the brightnesses of the blue and orange bands. 

The variations in brightness are very appreciable and in- 
dependent. We believe this can only be explained by as- 
suming the presence in Siberian diamonds of two types of 
luminescence centers, the concentrations of which are also 
independent. 


Thermostimulated emission 


The effect of thermostimulated emission of diamonds 
excited by UV and x-rays was observed visually by Chan- 
dracekcharan*, who found that the de-excitation occurs at 
2709, Bull & Garlick®, investigating the decay and thermo- 
stimulation of diamond powders excited by UV, obtained a 
glow curve containing two peaks at 147 and 247°. Analyz- 
ing their data, they came to the conclusion that the lumi- 
nescence of diamonds is monomolecular in character and 
that the luminescence centers have two metastable levels. 

We investigated the capability of many diamond speci- 
mens to store light sums under x-ray excitation. These 
studies were made by means of an FEU-17 photomultiplier. 

Inasmuch as the thermostimulation spectra of the dia- 
mond specimens were identical with the flucrescence spectra 
described above, i.e., contained two bands - a blue and 
an orange - the glow curve experiments were carried out 
twice for each specimen with different light filters which 
allowed of observing the effect separately for each band. 
It was found that most of the diamonds store up an insigni- 
ficant light sum; individual specimens distinguished by 
bright fluorescence proved capable, however, of storing 
appreciable light sums. Fig.2 shows typical thermostimula- 
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Fig.2. Typical thermostimu- 
lation curves for the blue 
(1) and orange (2) bands of 
Siberian diamonds. 


- 1367 - 


tion curves for both bands with different excita- 
tion doses (90 and 180 min). Owing to the low 
sensitivity of the FEU-17 photomultiplier in the 
orange region, for measurements of the orange band 
we used the maximum sensitivity of the measuring 
circuit: 16 times greater than that employed in re- 
cording the glow curves for the blue band. There 
is a noticeable disparity between the positions of 
the temperature peaks: in curves 1 (blue band) the 
peaks correspond to 90 and 240°, whereas in curves 
2 (orange) they lie at approximately 80 and 280°. 
We note that with good reproducibility of the tem- 
perature values for the peaks of each individual 
specimen, these temperatures for different speci- 
mens differ somewhat. The application of special 
criteria to the investigated specimens showed that 
the electronic process involved in thermostimulated 
emission is a first order process. The average 
values of the thermoactivation energy as determined 
from the glow curves proved to be 0.42 and 0.64 ev 
for the blue band and 0.36 and 0.80 ev for the 
orange band. 


Physical Laboratory of the Amakinsk Expedition, 

Ministry of Geology and the Conservation of 
Natural Resources & 

"A.A. Zhdanov' Irkutsk State University 
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LUMINESCENCE OF GLASSES CONTAINING CER IUM™* 
- G.O.Karapetyan 


Introduction 


Investigation of glasses activated by cerium is of considerable theoretical 
and practical interest inasmuch as these glasses exhibit an exceptional resist- 
ance to coloring by ionizing radiation.1-% At the same time cerium is a lumines- 
cence activator and its behavior as such in glasses merits attention. Yet it is 
not in general feasible to extend to glass with cerium the data on the absorption 
and luminescence of allied systems, i.e., crystals and solutions containing Ce 
ions. 4-8 

Investigation of the absorption and luminescence spectra of glasses contain- 
ing Ce showed that the element may be present in either the trivalent or the tetra- 
valent state. ? Each valence state is characterized by its own distinctive absorp- 
tion spectrum. Change in the type of glass (phosphate, silicate or borate) af- 
fects the level of oxidation of the cerium and also leads to quantitative changes 
in the absorption and luminescence spectra. 10 

It is known that only glasses containing cerium in the trivalent state lumi- 
nescence. Transition of part of the cerium to the tetravalent state results in 
a substantial decrease in the intensity of luminescence. Some authors, including 
Gintherll, report that with increase in the cerium concentration its absorption 
spectrum in crystals undergoes great modifications connected with the formation 
of aggregations or clumps of Ce ions. 

The present communication is concerned with a number of concentration de- 
pendences in glasses activated by cerium. The glasses used in the experiment 
were characterized by high purity: the iron content did not exceed 0.005%. Car- 
bon or ammonium salts were introduced into the initial batch in order to produce 
reducing conditions. The glasses were founded in quartz crucibles in an oil fired 
furnace. 

The absorption spectra were measured on a Beckman spectrophotometer using 
samples 0.1 to 0.5 mm thick and then normalized to a sample thickness of 1 mn. 

The absorption spectra of cerium were obtained in the form of differential curves: 
the ordinates of the absorption spectrum of the glass without cerium was subtract- 
ed from the corresponding ordinates of the absorption curve for the glass with 
cerium. The absolute luminescence efficiencies were measured by the sphere pro- 
cedure on the photoelectric set-up of V.A. Arkhangel ' skaya.** The total experi- 
mental error did not exceed. 10% of the measured values. 


Experimental results 


We investigated the variation in the intensity of the absorption bands of 
cerium with its concentration in the glass. In the case of both phosphate and 
silicate glasses no quantitative changes in the absorption spectrum were observed 
up to a cerium concentration of 1.5% (Figs.1 & 2). The variation in the intensi- 
ty of the absorption bands with the cerium concentration obeys Beer's law in the 
Ce concentration range up to 0.5%; in the region of higher concentrations there 
is a clear departure from Beer's law (Fig.3). Preparation of glass samples of 
different composition with high cerium concentrations showed that with increase 

*The results regarding the photochemical properties of glasses, thermostimu- 
lation, thermobleaching and optical stimulation, mentioned in the present report 
will be published in 'Optika i spektroskopiya’ (Optics & Spectroscopy). 


rik take this opportunity to thank her for permitting us to use the equip- 
ment. 
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Fig.3. 


Fig. 4. 


Fig.3. Variation in the intensity 

of different bands in the absorp- 

tion spectrum of cerium with its 
concentration in the glass. 


Fig.4. Absolute quantum efficienci- 


Fig.1. Absorption spectra of phosphate es of the luminescence of phosphate 
glasses (Na90°1.5Ca0°2.5P505) with dif- glasses as a function of the wave- 
ferent cerium concentrations (the Ce length of the exciting radiation 
concentrations are indicated in percent and the cerium concentration (indi- 
¢ at the curves). cated in percent at the curves). 
Fig.2. Absorption spectra of silicate Fig.5. Absolute quantum efficienci- 
glasses (Nag0°Ca0-5Si09) with differ- es of luminescence of silicate glas- 
ent cerium concentrations (indicated ses as a function of the wavelength 
in percent at the curves). of the exciting radiation and the 


cerium concentration. 
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in the Ce concentration it becomes increasingly difficult to assure the presence 
of cerium in a single valence state. In glasses founded without a reducing or 
oxidizing agent, upon increase of the cerium concentration the fraction of it 
present in the tetravalent state increases rapidly. 

The luminescence of trivalent cerium is readily excited by the radiation 
from a quartz vapor tube: in the case of phosphate glasses in the 250-313 mu re- 
gion and in the case of silicate glasses in the 250 to 365 my region. 

As a result of investigation of the luminescence efficiency of cerium with 
the wavelength of the exciting light and the Ce concentration in the glass we 
established the following (Fig.4 & 5): 

1. The absolute quantum efficiency depends on the wavelength of the excit- 
ing light; in all cases the maximum luminescence efficiency is obtained for radi- 
ation with a wavelength greater than that of the maximum of the absorption band 
of trivalent ceriun. 

2.°The luminescence efficiency is strongly dependent on the cerium concen- 
tration; the maximum luminescence output in silicate glasses is observed at a Ce 
concentration of 1.5%, that in phosphate glasses at a Ce concentration of 2-2.5%. 

3. The maximum quantum efficiency of silicate glasses is approximately 55%; 
the efficiency of phosphate glasses approaches 100%. 

Glasses containing trivalent cerium luminesce intensely under the influence 
of y- and x-radiation. The roentgenoluminescence intensity increases with in- 
crease in the concentration of trivalent cerium. At equal trivalent cerium con- 
centrations the intensity varies greatly with the type of glass. Thus, for ex- 
ample, silicate glasses containing 0.5% cerium completely reduced to the triva- 
lent state have a luminescence intensity approximately 10 times higher than phos- 
phate glasses with an equal concentration of trivalent ceriun. Silicate glasses 
activated by trivalent cerium after y-irradiation emit an afterglow persisting 
for several hours. Phosphate glasses, on the contrary, exhibit no detectable 
phosphorescence after high-energy excitation. We observed a similar afterglow 
from silicate glasses activated by trivalent cerium with spark excitation. The 
phosphorescence spectrum of silicate glasses with cerium recorded on a spark 
phosphoroscope virtually coincides with the luminescence spectrum of cerium ex- 
cited by the radiation from a mercury vapor tube (wavelength < 313 mu). Phos- 
phate glasses exhibit no phosphorescence after spark excitation. 


Discussion 


The electron configuration of cerium is 4/*5s? 5p°6s*. The absorption and lumi- 
nescence of cerium in glass should presumably be associated with 4f— 5d transi- 
tions, which is consistent with the short lifetime of the excited state (tT ~ 5- 
-10-7 sec)12 and the diffuse character of the absorption and luminescence bands. 
The presence of two peaks in the luminescence band of cerium is connected with 
electron transitions from the excited state to doublet levels of the ground 
state.13_ With changes in the character of the medium surrounding the cerium 
ions there is observed not only a change in the intensity and position of the 
individual absorption bands, but also a change in the relative intensities of 
the short and long wavelength peaks; this may be observed, for example in going 
from phosphate to silicate glasses. This is apparently connected withiteduceing 
of the probability of existence of excited levels corresponding to high energy 
transitions in the case of enhancement of the interaction of the cerium ions with 
the surrounding oxygen ions. That the interaction of the trivalent cerium ions 
with the surrounding medium is stronger in silicate glasses than in phosphate 
glasses is substantiated by the greater width of the absorption and luminescence 
bands, the lower values of the quantum efficiency and the earlier onset of con- 
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centration quenching in silicate glasses. 

The absence of qualitative changes in the absorption spectra of glasses 
with increase of the cerium concentration and the good agreement with Beer's 
linear law in the region of low concentrations indicate that there exists only 
one type of absorption centers in each group of glasses (phosphate and silicate). 
The deviation from Beer's law at higher concentrations of cerium amounts essenti- 
ally to a relatively faster increase in absorption in the 250 mu region and 
a slower increase in absorption in the long wavelength band of trivalent cerium 
(Fig.3). It is known that the maximum of the absorption band of tetravalent ceri- 
um is located in the 250 my region.9 Taking into account the impossibility of 
retaining the cerium at high concentrations in a single valence state and its 
tendency in such cases to go over into the tetravalent state, it may be inferred 
that the observed deviation from Beer's linear law in the range of high cerium 
concentrations is due to transition of part of the cerium to the tetravalent state. 

On the basis of the luminescence efficiency data it may be concluded that the 
luminescence centers normally present in nonactivated silicate glasses disappear 
as a result of introduction of cerium. A direct consequence of this is decrease 
of the luminescence efficiency of such glasses (with excitation in the 254-303 mu 
region) upon the introduction of minor amounts of cerium. This behavior is con- 
sistent with the hypothesis associating the luminescence of nonactivated glasses 
with structural defects rather than with impurities. 

The results obtained on the excitation of the luminescence of Ce activated 
glasses with x-rays and y-radiation indicate that in silicate glasses there is 
an efficient mechanism of excitation energy transfer from the vitreous network 
to the cerium ions. In view of the fact that such excitation energy transfer ap- 
parently does not occur in phosphate glasses, it may be inferred that an import- 
ant condition for energy transfer is strong interaction of the cerium atoms with 
the surrounding medium. The fact that cerium activated silicate glasses have a 
persistent afterglow when excited by ionizing radiation and the data obtained on 
thermostimulated luminescence, thermobleaching and optical stimulation give reason 
to infer that the luminescence of silicate glasses is due primarily to recombina- 
tion of electrons and holes. 


"gS, 1I.Vavilov’ State Optical Institute 
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ZINC AND STRONTIUM PHOSPHATE BASE PHOSPHORS FOR "TLUORESCENT LAMPS 
- F,M.Pekerman, D.N.Shoikhet & R.A. Shtrikhman 


Over the past two years in the State Institute of Applied Chemistry we have 
been investigating the properties of phosphors for low and high pressure fluo- 
rescent’’ lamps. Particular attention has been devoted to the properties of phos- 
phates, especially those of the alkaline earth metals. As is known one of these 
phosphates, namely, calcium halophosphate, is the leading phosphor for low pres- 
sure lamps. Research aimed at improving the color characteristics of "fluores- 
cent" lamps led to the development abroad of orthophosphate phosphors activated 
with tin.1-3 Recently, Butler and his co-workers »5 synthesized Sn activated 
zine and strontium orthophosphate which is being used in high pressure lamps. 

In his published work Butler gives the excitation and emission spectra of 
this phosphor and evaluates the possibility of 
utilizing it in high pressure lamps. He does not, 
however, give the exact composition or describe 
the precise synthesis procedure. 

In the present work we developed a procedure 
for the preparation of zinc-strontium orthophos- 
phate phosphor. 

For the synthesis of the phosphor we used 
SrHP04, SrCO3 and Zn3(P04)9- The activator was 
added in the form of specially prepared Sn0. The 
maximum brightness was obtained at a Zn3(P0,4)9 con- 
tent of 13-15%. 

Fig.l shows the influence of activator concen- 
tration on the luminance of the phosphor with exci- 

2 4 %Sn0 tation by \ = 254 and 365 mu. In both cases the 
Fig.1. Variation of the phos- optimum brightness corresponds to 2% SnO in the 
phor luminance with the ac- batch. 


tivator concentration with Serious difficulties were encountered in at- 
excitation at: 1) X= 254 mu, tempting to provide an appropriate atmosphere that 
2)X = 365 mu. would assure retention of the tin in the divalent 


state of the process of heating. A strong reduc- 
ing atmosphere, for example, pure hydrogen or am- 
monia, results in reduction of the tin to the metal- 
lic state, partial reduction of the zinc and even 
noticeable reduction of the phosphorus. On the 
other hand, heating in a neutral atmosphere (puri- 
fied nitrogen) does not yield luminescent samples. 
The addition of small amounts of hydrogen to puri- 
fied nitrogen results in samples with the maximum 
brightness. 
The effect of the hydrogen concentration in 
the heating atmosphere on the luminance of the phos- 
2 4 MN, phors is shown in Fig.2. The best results as re- 
Fig.2. Influence of the hy- gards brightness were obtained with a hydrogen con- 
drogen concentration in the centration of 1.0-1.5%. 
heating atmosphere on the X-ray diffraction records of the phosphor com- 
brightness of (Zn,Sr)3(P04)9: ponents and sample powders are shown in Fig.3. The 
:Sn with excitation: 1) X = reproduced curves were recorded by Yu.D.Kondrashev 
= 254 mu, 2) X = 365 mi. by means of a URS-1 ionization camera. The dif- 
fraction records show that the best phosphors have 
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Fig.4. Excitation spectra of 
different phosphors: 1 - 
(Zn ,Sr) 3(PO4) 9:Sn, 2 - (Zn, 
Sr) 3(P04) 9:Sn - Sr4(P04) 9:Sn, 
G) 3) Mg3GeO5*MgFo:Mn, 4 - 
MggAso0j1: Mn. 


an individual lattice differ- 
ing from the lattices of Sr3 
should also be noted that 

change in the synthesis con- 


() ditions leading to sharp reduc- 
tion in the phosphor brightness 


| is accompanied by the appear- 
thar ance of the characteristic lines 


| 
| 
| 
pret andhon sla tats i os Sr3 (P04) 2 He cne cite rect soo 
patterns. 


The excitation spectra of 
two orthophosphate luminophors 
G) are shown in Fig.4 together 
with the excitation spectra of 
magnesium germanate and arsen- 
ate for purposes of comparison. 


| | 
| Curve 1 is for a phosphor ex- 
y cited by long-wave ultraviolet. 
NAM onl lM ha. Mu The x-ray diffraction record 


for this sample is dominated by 
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Fig.3. X-ray diffraction records of phosphor the presence of an individual 
samples and initial components: 1 - Zn3(P0q4)o, (Zn, Sr) 3(P0,4) 9:Sn phase marked- 
2) Sr3(P04)9, 3) Sr3(P04)9:Sn, 4) CSr, Zng ly different from pure Sr3(P04) 9 
(P04) 9:Sn (standard), 5) <sr,Zn) 3(P0,) 9: Sn and Zn3(P04) o- 


Curve 2 in Fig.4 pertains 
to a sample, the excitation of 
which lies primarily in the short wavelength part of the spectrum; its quantum 
efficiency with \ = 254 mu excitation is ~90%. The x-ray pattern for this sample 
comprises lines indicating a mixture of two phases, namely, (Zn,Sr) 3(P04) 9:Sn and 


(impurity Sr3(P04) 9). 
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Fig.5. Comparison of the emission spectra of different phosphors with excitation 


by different wavelengths: 1 - magnesium germanate, 2 - magnesium arsenate, 3 - 
Zn-Sr phosphate. 


&.% Sr3(P04) 9: Sn. 
ioe As will also be evident from 
Fig.4, magnesium arsenate is ex- 
cited by the visible radiation of 
a mercury vapor lamp down to X = 
= 500 mu, whereas the phosphates 
are already only weakly excited 
See by the 365 mu line. According 
to Butler, in a 250 watt low 
pressure lamp of the 33.6 watts 
energy emitted in the ultraviolet 
< region 8.9 watts are radiated at 
X% = 340-400 mu, i.e., ~26%. This 
part of the energy is not util- 
Fig.6. Comparison of the luminescence spectra ized by Zn-Sr phosphate phos- 
of (Zn,Sr) 3(P04) 9:Sn (1) and CaSi03:Pb:Mn (2) phors; (Zn ,Sr) 3(P04) 9: Sn is also 
phosphors. Excitation »\ = 254 miu. not excited by the blue lines of 
mercury (405, 436 & 492 mu). 
This on the whole is a favorable characteristic inasmuch as the phosphor does 
not block out these wavelengths from the radiation of the lamp. 

The results of our measurements of the luminescence spectra of Zn-Sr phos- 
phate and of magnesium arsenate and germanate with excitation by 254, 313 and 
365 mu light are shown in Fig.5. The distinctive characteristics of the phos- 
phate luminophors are evident from the figure: whereas the emission of magnesium 
arsenate (and germanate) is characterized by a sharp peak at 640-650 mu, the Zn- 
Sr phosphate emits more uniformly over the entire spectrum, which is an added 
desirable feature. 

The radiated energy, characterized by the areas under the spectral curves, 
is approximately the same for all three phosphors with excitation by 254 mu pho- 
tons. With X = 313 mu excitation the area corresponding to the Zn-Sr phosphate 
amounts to only 70% of the area for magnesium arsenate and for i = 365 mu exci- 
tation to only 17% of the area for Mg arsenate. If one takes into account the 
visibility factor (luminosity function) for different wavelengths, there result 
the values listed in Table 1, characterizing the relative light flux emitted by 
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mately the same inasmuch as the areas under the curves are equal. 
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Table 1 
Effective light flux emitted by Zn-Sr phosphate and Mg arsenate phosphors 


mee veGintensi ty = visibility factor) 


Suet for } 600 mu for all visible radiation 
,m 
ar Zn—Sr Mg In-Sr Me 
phosphate arscnate phosphate arsenate 
204 435 156 | 282 | 156 
313 138 147 | 219 147 
365 60 233 | 2.45 233 


the two phosphors. 


The data given in Table 1 are in agreement with those given by Butler, who 
compares two lamps of equal power but with different phosphor coatings: magnesium 
germanate and Zn-Sr phosphate. The total energy output of both tubes is approxi- 
If one takes 
into account the visibility factor, however, the effective energy yield of the 
phosphate coated tube proves to be several times higher than that of the tube 
coated with magnesium germanate. 

With increase in the temperature of Zn-Sr phosphate to 200° its brightness 
increase by a factor of almost two; then with further increase in the temperature 
to 400° there is observed some decrease in brightness, but the phosphor still re- 
mains brighter than at room temperature. Thus the maximum luminescence lies in 
the operating temperature range of mercury lamps. 

One serious shortcoming of our phosphor is the decrease in its brightness 
with reduction in particle size. As a result of heating the phosphor is obtain- 
ed in coarse grain form and grinding it leads to an appreciable loss in bright- 
ness with \ = 365 mu excitation. Further research is necessary to alleviate this 
shortcoming. 

Tests on samples of our phosphor were carried out at the Moscow Electric 
Lamp Plant with the help of B.M.Gugel'. The data on the specific light flux are 
given in Table 2; for comparison we also give the data of Butler®. 


Table 2 
Specific light flux of different lamps 
tp ; | 

Lamp | ay Coating | lm/w Data 
500 Ni 50—54 MELP* 
RHA 00} i i 52,5 | Putler® 
2 500 Mg arsenate 42, \ MELP 
DED 1500 Zn-Sr phosphate 48,5 

JH-1 400 Mg arsenate ae ’ 

S-H14 400 Zn Gr phosphate 57,55 | povler 


*Moscow Hlectric Lamp Plant 
Clearly evident is the appreciable decrease in the light yield of the DRL 
lamp as a result of coating with the phosphor. Whereas without coating the lamp 
yields an average of 52 lumens/watt and is comparable in this respect with the 
American 400 watt lamp, the application of magnesium arsenate reduces the light 


output by 20%, while the application of Zn-Sr phosphate reduces it by Th. 


In the case of the American lamps application of magnesium germanate results 
in virtually no decrease in the light output, while coating with Zn-Sr phosphate 
increases the light output by 10%. 

Some decrease in light output in lamps with coatings is natural. However, 
efficient utilization of the ultraviolet radiation from mercury vapor lamps by 
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means of phosphors leading to increase of the light yield can compensate losses 
due to absorption. According to the data of Butler®, Zn-Sr phosphate more than 
compensates for these absorption losses, while according to the data of the Mos- 
cow Electric Lamp Plant, our Zn-Sr phosphate base phosphor reduces the light 
yield by 7%, whereas magnesium arsenate reduces the yield by all of 20%. 

The relatively low output of the lamp coated with our phosphor may be ex- 
plained by 1) inadequate brightness of the phosphor, 2) loss in brightness owing 
to grinding of the phosphor, 3) loss in brightness incident to burning out of 
the binder (carried out in an uncontrolled atmosphere), and 4) higher than usual 
absorption by the phosphor. 

These factors lowering the output must be reduced or minimized in the course 
of further research. 

As was noted above, the quantum efficiency of Zn-Sr phosphate phosphors with 
»% = 254 mu excitation is ~90%. In addition, as will be evident from its lumines- 
cence spectrum, most of the energy is emitted in the long wavelength part of the 
spectrum. In Fig.6 the spectrum of our phosphor is compared with the luminescence 
spectrum of CaSi03:Pb:Mn. It will be evident from the figure that the Zn-Sr phos- 
phate can also be used in low pressure lamps for the purpose of improving their 
color characteristics. Tests to this end were also carried out on the new phos- 
phor at the Moscow Electric Lamp Plant. According to the data obtained, the ini- 
tial light yield of the lamps coated with this phosphor amounted to 32 lumens/ 
/watt, i.e., was equal to the best CaSi03:Pb:Mn coated samples. After some 250 
hours, however, the brightness fell off to 87%. Further research aimed at solv- 
ing this problem is also being undertaken. 


State Institute of Applied Chemistry 
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IMPROVEMENT OF THE COLOR RENDITION OF ''FLUORESCENT’' LAMPS 
- R.A.Nilender 


Utilization of the potentialities of photoluminescence, which allows of con- 
version of the wavelength of radiation, made possible the development of present 
day tubular "fluorescent" lamps. The appearance of these lamps was greeted by 
light engineers not only because they furnished a more economical light source 
but also because their technology allowed of varying the spectral composition of 
the irradiance and consequently its chromaticity. Inasmuch as it is assumed, not 
without reason, that for optimum utilization of human sight it is essential that 
artificial illumination conditions be close to natural, i.e., simulate daylight, 
“fluorescent'’ lamps approximating the spectral composition of daylight were intro- 
duced under the denomination of ''daylight’’ lamps. 

Actually, however, the spectral composition of daylight varies over a rather 
wide range during the course of a normal day. The development of "fluorescent”’ 
lamps thus encountered the difficulty of selecting the specific spectral composi- 
tion to be duplicated. 

At the Third All-Union Conference on Luminescence it was formally suggested 
that there be established four colors of "fluorescent'’ lamps; this suggestion was 
subsequently legitimatized by the adoption of a State Standard. There were adopt- 
ed three colors corresponding to the colors of the standard sources approved for 
colorimetry by the Internation Commission on Illumination (ICI), namely, sources 
A, B and C with color temperatures of 2800, 4800 and 6500°K. In addition, there 
was established a fourth color intermediate between A and B, corresponding to a 
color temperature of 3500°K. 

The corresponding lamps were designated as warm white, cold white and day- 
light, and the additional one as white. The introduction of the additional color 
was due to the fact that by means of the then available phosphors for ''fluores- 
cent" tubes the highest luminosity (light output) was attained for tubes of this 
color. 

The experience gained over the past two decades shows that most popular in 
all cases where no special requirements as regards illumination must be met are 
"KHBS" type tubes, manufactured in the USA and a number of other countries, with 
a somewhat lower color temperature, namely, 4500°K. Actually during the past few 
years the color temperature of these lamps has been reduced somewhat and the re- 
commendations of the Internation Electrotechnical Commission fix the color ten- 
perature at 4200°K. 

Practical experience has shown that more important than the color of the 
lamps themselves is the question of correct color rendition. It is known that 
the color of illuminated objects depends not only on their intrinsic optical char- 
acteristics but also on the spectral composition of the irradiating light source. 
Thus a color standard does not uniquely determine the spectral composition of the 
radiation of a lamp and consequently does not guarantee equivalent color rendition 
by two lamps with the same "Golor’. Thus to insure correct and consistent color 
rendition one must provide certain specific standards or norms for the spectral 

ition of the emission. 
orn spectral composition of the emission, however, uniquely determines only 
the color of the illuminated objects. Inasmuch as light engineers are concerned 
not with color per se but with the color sensation, which also depends on the 
brightness and the light adaptation of the observer, the question of correct ec 

perception under artificial illumination becomes rather complicated. One ee a 
so bear in mind that the question of color rendition has two aspects: Sail one 
hand, there is the matter of attaining the maximum possible isk eto sna 
color hues, i.e., there is the question of creating conditions of raising 
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threshold sensitivity if only within a certain region of the light field, and, 

on the other hand, there is the matter of insuring correct perception of rela- 
tive and absolute colors. This whole complex of problems, however, is of primary 
concern in physiological optics and not of direct interest to us as light engin- 
eers. 

Fundamental to light engineering is the dual problem of setting standards 
for the spectral composition of radiation and finding means of realizing the es- 
tablished standards. 

In this connection, the first problem is that of choosing light sources in- 
suring correct color rendition that can be used as "standards for comparing the 
actual color rendition quality of real lamps. This problem has not been defini- 
tively solved. One thing is clear, however, and that is that the three sources 
A, B and C, established and approved by the ICI, are not adequate for solution 
of this problem. 

Of the various suggestions that have been put forth for solving this problem 
the most nearly correct in our opinion is the suggestion that the color rendition 
of the tested light source be compared with the color rendition provided by a 
black body with the same color temperature. + 

A no less important question is that of the method of comparing the test and 
standard sources. Here again there are numerous suggestions, no single one of 
which has met with universal acceptance. Most of these proposed means are based 
on comparison of the relative distribution of the light flux over eight spectral 
zones. Intrinsically such comparison is rather awkward. The quality of color 
rendition is evaluated by eight pairs of figures, requiring normalization for the 
ratio of each pair, which presents appreciable practical difficulties and hampers 
comparison as regards the quality of color rendition of different light sources. 
Most of the above mentioned suggestions pertain to the method of obtaining, on the 
basis of the determined eight pairs of figures, a single figure giving a unique 
evaluation and thus offering the possibility of comparing different sources with 
the same color temperature. 

Without taking a stand as to which of the various suggested methods is best 
or most expedient, hereinafter in comparing the quality of color rendition of dif- 
ferent "fluorescent" lamps, we shall use the color rendition factor H, proposed 
by Harrison. Harrison's color factor is calculated by the formula 


= 100 —*P (4 Ey, Pin Evy } Fry Evy Piy E~, 
4 Puy Buy Pyy  Eqyr Pyr Ey Pyy alice ee 

F & P. E t 
(7 aL on ry | Gaesace, Evy Pull. vite Evy 

VI Vv VI Vv Fyy Evy + Eyyy Pyy Ey t+ Evry 
where Fiji, Fiy .-. Py are the zonal light fluxes of the investigated lamp, P,,, 
Piy .-. Pyty are the zonal light fluxes of a black body with the same light tem- 
perature, and fy, E\y...Eyy,; are the zonal light fluxes for a source with a uni- 


form spectral intensity of the light flux. Shortcomings of Harrison's factor are 
that it does not take into account zones I and II, the light flux of which as a 
rule is determined by the transmission of the mercury vapor lines through the 
phosphor and also that it merges zones VII and VIII into a single zone. 

P Before turning to the specific results of our research on the development 
of "fluorescent" lamps with improved color rendition, we must consider the ques- 
tion of the relation between the luminance (light output) and color rendition 
quality of "fluorescent" lamps. The spectral characteristics of "fluorescent" 
lamps, both those prepared with a mixture of magnesium tungstate and zinc & beryl- 
lium silicate phosphors and those made with a single halophosphor, if we aig eeai 
gard the transmission of the mercury vapor lines, can be voprddénted by a curve 
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with two peaks lying in the visible region and falling off to 30-50% of the maxi- 
mum values towards the boundaries of the region. The same effective lamp color 
is obtained for narrower bands when the peaks are drawn closer together with a 
corresponding decrease in the intensity at the boundaries of the visible region. 
This drawing together of the peaks leads to increase of the radiant energy in the 
region of the maximum sensitivity of the human eye and consequently, at equal 
radiant energies, to increase of the luminosity. 

Direct comparison of the relative distribution of the radiant flux over the 
spectral zones with the distribution for a black body and a number of researches 
carried out in the USSR show that the principal reason for unsatisfactory color 
rendition by "fluorescent'’ lamps is inadequate strength of the light flux in the 
red region. In view of this it is obvious that the above mentioned narrowing of 
the emission bands,leading to enhancement of the luminosity, leads at the same 
time to impairment of the color rendition. 


Thus, in the case of ‘fluorescent’ lamps employing high efficiency phosphors, 


enhancement of the light output is in practice possible only through change in the 


spectral composition of the emission, which inevitably leads to reduction in the 
quality of color rendition. In other words, enhancement of the color output and 
the quality of color rendition are contradictory and mutually exclusive require- 
ments. 

We can arrive at a satisfactory answer to the question of whether one should 
strive for a high light output or good color rendition only by concluding that a ie 2 
is essential to produce lamps of two types: 1) standard lamps with the highest pos- 
sible luminosity meeting at least minimal requirements as regards color rendition 
and 2) lamps with a color rendition as close to the ideal as possible but with 
some sacrifice of luminosity (deluxe lamps). 


"pce" type lamps with improved color rendition 
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Fig.l. Spectral distribution in the emission of calcium halophosphate activated 
by Sb (I) and calcium silicate activated by Pb and Mn (II). 
Fig.2. Spectral distribution in the emission of calcium halophosphate 
activated by Sb and Mn in "DC"’ lamps (I) and magnesium arsenate acti- 
vated by Mn (II). 


Calcium halophosphate, which is distinguished by a high quantum efficiency 


| with excitation by 2537 A radiation (the role of 1850 A radiation, as is known, 
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is relatively unimportant where excitation of "f1uorescent’ lamp phosphors is 
concerned) and relatively good stability under mercury vapor discharge conditions, 
can be utilized for preparing lamps with a color temperature of 6500°K, corre- 
sponding to that of "pe" type lamps. 
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However, as was noted 
above, the drawing together 
of the emission band maxi- 
ma characteristic of calci- 
um halophosphate leads to 
an appreciable reduction 
of the emission in the 
6500 to 7000 A region, 
which lowers the color 
rendition quality as com- 
pared to lamps fabricated 
with a mixture of magnesi- 
um tungstate and zinc & 
beryllium silicate (the H 
factor falls off from 74 

"~~ 4000 5000 pegs GLEE oa afigl to 67), which is definitely 
Fig.3. Spectral characteristics of different versions not permissible for lamps 
of the "DC" type lamp with improved color rendition: of this type. 
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I - 3Cagz(P04) 9°Ca(F ,Cl) 9:Sb + CaSi0g:Pb:Mn, II - The halophosphate can 
MgoWOs + (Zn,Be)Si0g:Mn, III - 3Caz(P04) 9°Ca(F,Cl) o: be used in DC lamps in 
:Sb:Mn + 6Mg0°Aso905:Mn. mixture with phosphors 


emitting in the red region. 
We developed two pairs of phosphors for obtaining ''DC" lamps with improved color 
rendition. 

The first pair, the spectral emission of which is characterized in Fig.l, 
consists of Sb activated calcium halophosphate with blue luminescence (lumines- 
cence peak at 4800 A) and calcium silicate activated by Pb and Mn with orange 
luminescence (the principal emission peak lies at 6200 A). The second pair of 
phosphors (Fig.2) consists of calcium halophosphate activated by Sb and Mn with 
white luminescence (peak at 5800 A) and magnesium arsenate activated by Mn with 
red luminescence (principal peak at 6600 A). 

When the first pair of phosphors is used in the proportion of 60 parts of 
halophosphate to 40 parts of calcium silicate, there is obtained a luminescent 
layer with the spectral composition characterized by curve I in Fig.3. Curve II 
in Fig.3 shows the spectral composition of the emission of a mixture of magnesium 
tungstate and Mn activated zinc & beryllium silicate. Curve III represents the 
spectral composition of the emission of the second pair of phosphors taken in the 
proportion of 85 parts of calcium halophosphate to 15 parts of magnesium arsenate. 

The color rendition of lamps made with a coating of the first phosphor pair 
is substantially superior to the color rendition of the conventional "DC" type 

fluorescent lamps now being produced with phosphor layers of magnesium tungstate 
and zinc-beryllium silicate with retention of the initial light output. And, 
since the stability of the new phosphors is appreciably higher, the average light 
output of the new lamps during their lifetime is increased. (After 3000 hours 
operation, for example, the light output of the lamps with calcium halophosphate 
and silicate is higher than the output of the conventional lamps by 20-25%.) The 
color rendition of lamps coated with calcium halophosphate and magnesium arsen- 
ate, although somewhat inferior to that of lamps coated with the calcium halo- 
phosphate and silicate phosphors, is still superior to the color rendition of 
conventional ''DC’’ lamps. At the same time there is obtained an advantage as re- 
gards both the initial light output and its stability with operating time. 

Thus by going over to calcium halophosphate with the addition of red emit- 


ting phosphors one can improve both the color rendition and the light output of 
DC type lamps. 
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"KhBS'' type lamps with improved color rendition 


To obtain "KhBS" type lamps 
with improved color rendition we 
employed three phosphors, namely, 
calcium halophosphate activated 
by Sb and Mn, the radiation of 
which predominates in the spec- 
trum of the lamps, willemite 
which makes up the deficit in 
the emission spectrum in the 
green, and calcium silicate acti- 
vated by Pb and Mn which makes 
up the emission deficit in the 
orange-red region. The spectral 
2000 5000 5000 7000 distribution in the emission of 

AA these phosphors and of the phos- 
Fig.4. Spectral distribution in the emission phor used in the standard "KhBS" 
of phosphors for standard KhBS lamps (I) and type lamp are shown in Fig.4. 


KhBS lamps with improved color rendition: II - Fig.5 shows the spectral 
3Ca3(P04) 9°Ca(F,CL)9:Lb,Mn, III - ZngSi04:Mn, characteristic of the "KhBS'" lamp 
IV - CaSi03: Pb: Mn. with improved color rendition; 


the color rendition coefficient 
of this lamp is 96 instead of 77.4 for the standard lamp, the respective light 
output being 33 and 42 lumens/watt for 15 watt lamps. With the use of phosphors 
with equal quantum efficiencies there is an improvement in the quality of color 
rendition with only a slight sacrifice in efficiency. 
The three-phosphate mixture consisted of 62% calcium halophosphate, 33% cal- 
cium silicate and 5% willemite. 
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Fig.5. Spectral characteristic of KhBS lamps with improved color rendition. 
Fig.6. Spectral characteristics of TBS lamps with improved color rendition 
(I) and standard TBS lamps (II). 


"DBS" type lamps with improved color rendition 


For obtaining "TBS" type lamps with improved color rendition, we used a phos- 
phor mixture consisting of calcium halophosphate, willemite and magnesium arsenate. 
The spectral characteristics of the emission of an improved color rendition TBS 
type lamp are shown in Fig.6 together with the spectral characteristics of a stand- 
ard "TBS" lamp for purposes of comparison. The color rendition factor of the new 
lamp is 92 with a light output of 31 lumens/watt for a 15 watt lamp, whereas the 
efficiency of the standard "TBS" lamp is 46 lumens/watt. 
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It will be obvious from the cited data that the color rendition of the new 
"fluorescent" lamps is substantially better than that of the conventional “DCe 
"knBS" and "TBS" ‘fluorescent’ lamps now being fabricated for general illumina- 
tion purposes. Although the correction of the emission spectrum is accompanied 
by some decrease in efficiency, nevertheless the described lamps with improved 
color rendition in the 40 watt size have a light output in the range from 40 to 
45 lumen/watt and therefore are still greatly superior to incandescent lamps. 
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CLOSING ADDRESS 
- F.D. Klement 


And so our Conference, having fully completed its proposed program, is com- 
ing to a close. 

We have reason to believe that the Conference did not do its work too badly. 
There were presented about one hundred reports, most of them containing interest- 
ing and important data. Many reports stimulated extensive and fruitful discus- 
sions. The wealth of new results, the conflict of opinions and the lively exchange 
of views all bear witness to the fact that the scientific collective of Soviet 
scientists working in the field of luminescence leads a vigorous and creative life. 

There are ample indications that since the Fifth Conference on Luminescence 
(Crystal phosphors)* we have made substantial progress. 

The scope of work on luminescence has greatly broadened, as is evinced by the 
increase in the number of participants and increase in the number of cities repre- 
sented at the Conference, that is, cities where work is now being done on lumines- 
cence. Whereas at the Fifth Conference there were only 270 conferees, at the 
Seventh Conference there were 350; whereas at the Fifth Conference there were re- 
presented only 19 cities of the USSR, at the present conference there were 25 ci- 
ties. There have appeared new groups working on luminescence in Latvia, Azerbaid- 
zhan, Armenia and the Kirgiz SSR. There has also been set up a new laboratory in 
Khar'kov. 

It is particularly encouraging that in almost all centers where research is 
now being done on luminescence, there have come forward in recent years capable 
young scientists, who have often set the tone and tempo in the discussions of in- 
dividual reports. We must remember that true progress is only possible where there 
are young scientists capable of going further than their teachers. 

We also note with pleasure that our contacts with scientists in other countri- 
es have expanded. This is the first conference on luminescence in which foreign | 
scientists participated; we take this opportunity to thank them for their contri-. 
butions. These contacts must, however, be further broadened and it is essential, 
in the future, that the Scientific Council on Luminescence take steps to issue in- 
vitations to our foreign colleagues well in advance. , 

If we turn now to the content of our work, to the main directions of research, 
we conclude that the Conference has fully substantiated the analysis made in his 
opening address by M.D.Galanin. There has been increased research activity in elec- 
troluminescence and radioluminescence. In this respect we have fulfilled the hopes 
of the Fifth Conference. However, investigations on cathodoluminescence and roent- 
genoluminescence are still lagging. There is still inadequate contact between 
workers in the field of luminescence and those in the field of semiconductors. We 
must encourage their meetings, joint conferences and cooperative work directly in 
laboratories, utilizing to the full optical, specifically luminescence, methods 
for investigating semiconductors and the electric methods developed for investiga- 
tion of semiconductors for work on crystal phosphors. : 

The reports we have heard and particularly the discussions following them 
have shown that in addition to experimenters, theoretical physicists are becomsng 
increasingly active in the field of luminescence, which is very important and with- 

h we cannot move forward. 
a Sah bectié experimental methods and procedures, we have also made significant 
progress. Photoelectric and other electronic equipment, in particular Soc Re 
devices, are being increasingly used in our daily work, but here we could and shou 
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*The Sixth Conference on Luminescence was devoted to molecular luminescence. 
(Translation Editor's note.) 
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We are becoming increasingly familiar and capable of 
high pressures, the far regions of the ultraviolet 
and infrared spectra, as well as new methods such as luminescence-polarization 
methods and taumetry in the region of very short lifetimes. But here too one 
could more extensively and more rapidly utilize the great achievements of our 
industry and technology. V.E.Khartsiev was right in stating that the procedures 
of paramagnetic resonance are being adopted too slowly. Nevertheless, I would 
like to call attention to the fact that even now important results can sometimes 
be obtained by very simple experiments. Examples are the experiments of V.A; 
Sokolov on candoluminescence, so elegant in their almost classical simplicity, 
the experiments of N.I. Ivanov on luminescence effects in highly dispersed sys- 
tems and certain others. 

We regret to note that industry and its practical concerns with luminescence 
were not as well represented at the present Conference as at earlier conferences. 
We must not neglect the practical aspects of our work and must always maintain 
close contact between science and technology and allot our attention in proper 
proportion to theoretical and practical problems. 

Apparently, the present conference was overloaded with reports. We have not 
yet found the most effective form for organization of our collective work at con- 
ferences. Possibly at such broad conferences there should be more reviews and 
survey reports and that in addition to such broad conferences one should more fre- 
quently call specialized meetings, discussions on specific problems. 

After the Fifth Conference on Crystal Phosphors there was established the 
Scientific Council on Luminescence. This is an important and encouraging event. 
It is to be hoped that the Council will utilize to the full its possibilities and 
capacities as regards 

1) coordination of scientific work in the field of luminescence at different 
centers and in establishing the principal lines of endeavor, 

2) examination of questions having to do with assistance to industry and 
the practical application of the results of scientific investigations, 

3) creation of an experimental-technical base for scientific studies of lumi- 
nescences, i.e., stimulate the construction of scientific equipment, assure an 
adequate supply of the requisite materials, luminescence pure reagents, etc., 

4) preparation of specialists in the field of luminescence, their training 
and allocation to various centers and institutions, and 

5) publishing activity, namely, creation of a monograph literature on lumi- 
nescence, publication of bibliographic references, etc. 

We trust that the Scientific Council on Luminescence will be active in all 
these fields. 

In conclusion, allow me to thank in the name of all those present the organ- 

een Pe Mec who did so much to insure its success: in the first place, 

vshin and Samuil Aronovich Fridman and all the personnel of 

the FIAN (Physical Institute of the Ac. of Sci.) who participated in the organiz- 

ation work and in serving the conferees. 

™ ie By een at ees the organizations that contributed to setting 
rence and the workers of the FIAN library for the 

exhibit of the literature prepared by them, 

Leone ee pieaarsen tier co a in the Conference further success in their 

° e Seventh Conference on Luminescence closed. 


move forward more rapidly. 
utilizing low temperatures, 
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LARGE DOUBLE-FOCUSING ALPHA-SPECTROMETER 
- S.A.Baranov, A.G.Zelenkov, G.Ya.Shchepkin, V.V.Beruchko & A.F.Malov 


Introduction 


The fundamental procedure for direct investigation of the fine structure of 
panccay is still deflection of the Q-particles in a magnetic field. Most promis- 
ing in this respect is use of the effect of spatial focusing in a nonhomogeneous 
axially-symmetric magnetic field.1-3 at present two operating Q-spectrometers 
of this type are known: one with n/2 focusing and the other of the semicircular 
type utilizing the fringe effect.5 In developing the Q-spectrometer described 
below we chose the first variant. The field distribution in the magnet gap can 
be represented in the form of a series: 


H 9 
iene eas Ua che ey hss 


where H, is the field at the central orbit (circle of radius #) and — 
Po 


As is well known, spatial focusing of the first order is realized for a, = “1/2002 
Choosing the constant a,= 1/8 or 3/8 assures additional radial focusing of the 
second order with respect to horizontal » or vertical ¢ angles, respectively. Wild 
& Huber® showed that for a field distribution in the gap characterized by 1/Vp 

(a, = 3/8 and as; = -5/16) there is realized spatial focusing for particles in a 
wide energy range. In this case there can be attained focusing of higher orders 

in the vertical plane (angle $). This variant is not suitable, however, for spec- 
trometers analyzing heavy charged particles inasmuch as use of a wide gap leads to 
substantial increase in the power requirements; in addition, the focal plane in 
such a spectrometer is curved which presents certain inconveniences as regards de- 
tection by the photographic procedure. Hence we chose dad, = 1/8. Choice of a; = 

= 1/16 allows of realizing focusing of the third order with respect to @ for parti- 
cles with momentum ~)=H,o,.7-109 In another contribution by one of uslil (see next 
article) it is shown that for a,= 3/16 there is realized radial focusing of the 
second order in © for particles of different energies and there are derived expres- 
sions defining the form of the focal surface, the dispersion and the resolution of 
a spectrograph with the field constants a, = 1/8 and a; = 3/16. 

A serious shortcoming of extant magnetic Q-spectrometers is the relatively 
low transmission factor (product of the solid angle by the area of the source), 
which seriously limits the scope of investigation. 

The purpose of the present work was to develop an instrument with high resolu- 
tion and the maximum possible transmission factor, hence we chose a relatively 
large radius for the central orbit (p, = 155 cm). 


1. Description of the a-Spectrometer 


The spectrometer consists of two principal assemblies: the magnet with its 
winding and a stainless steel vacuum chamber located in the gap. The magnetic cir- 
cuit is made in the form of a double mushroom and consists of three parts: a cylin- 
drical core and two "caps" (Figs.1-3). The total weight of the installation is 
about 90 tons. 

The width of the pole pieces is ~70 cm; the gap between them 35 cm. The mag- 
net components are machined with relatively high accuracy (tolerance ~0.2 mm). The 
pole pieces are faced with special liners (nose pieces), the shape of which was de- 
signed analytically. 


Fig.1. General view of 
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The volume of 
the vacuum chamber is | 
~1000 liters. The 
chamber is evacuated 
by a VN-2 forepump 
and a VA-4-5 diffusion 
pump assembly. The 
attainable vacuum is 
of the order of 1076 
mm Hg. A 500 liter 
ballast tank is pro- 
vided and allows of 
prolonged operation 
of the instrument 
with the forepump 
shut off. 

The sources are 
the Q-spectrometer. mounted in a holder 
which allows of suc- 
cessive exposure” of four targets 
without disturbing the vacuum. The 


maximum source dimensions are 10 x 
Key 100 mm. The section of the vacuum 


chamber containing the source can be 
isolated from the main chamber by 


ens the preparation time and hence 
facilitates investigation of radio- 
active substances with a relatively 
short period. In front of the source 


Fig.2. Spectrometer magnet. is an interchangeable entrance slit 


To forepump To di mnie 


Fig.3. Cross section of spec- 
trometer: 1) inner magnetic 
shunts, 2) outer magnetic 
shunts, 3) entrance aperture, 
4) device for changing sources, 
5) magnet core, 6) magnet wind- 
ing, 7) photographic cassette, 
8) magnetic field probe, 9-13) 
baffles. 


which allows of investigating the same: 
target with different resolutions and transmission 
factors. The Q-particle beam is defined by three 
identical apertures located in the central part of 
the chamber (at 100, 130 and 160°), where the beam 
has the maximum cross section. Three additional 
sets of baffles located along the particle path 
serve to minimize scattering. 

The Q-particles are detected by a proportion- 
al counter or by thick (nuclear) emulsion photo- 
graphic plates. Plates having a total area of 480 
x 90 mm can be exposed simultaneously. The plates 
are loaded into a special cassette, which also al- 
lows of making four consecutive exposures; the 
plates are interchanged and the cassettes closed 
after exposure by remote control without disturb- 
ing the vacuum. 


2. Magnet Supply 


A block diagram of the magnet power supply 
is shown in Fig.4. The magnet winding consists 
of 53 turns of 170 x 10 mm bus and is water cooled. 
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,#rom 3-phase 
3220 v sencrator 


Fi gs.5 
Fig.4. Block diagram of magnet supply: 1) magnetic shunt, 2) two-channel ampli- 
fier, 3) unit controlling saturable reactor (DH-35) magnetizing current, 4) DH- 
35 magnetizing winding, 5) three-phase transformer. 
Fig.5. Arrangement for stabilization of the magnetic field: 1) cathode- 
ray tube, 2) liners, 3) compensating magnets, 4) stationary magnetic 
shunt plates, 5) moveable plates and "knives' of the magnetic shunt. 


The magnet is supplied from a three-phase 220 volt, 35 kwa motor generator. 
The feed is through a set of DH-35 saturable reactors, which connect to the pri- 
mary of the step-down transformer. The secondary of the transformer is connected 
to selenium rectifiers from which the current goes to the magnet winding. The 
operating current range of the instrument is 700 to 1300 amp, which corresponds 
to field strengths from 2.0 to 3.5 koe. 

The high resolution of the instrument and the necessity of making long ex- 
posures impose rigorous requirements as regards stabilization of the magnetic 
field. For stabilization of the field we chose the system described by Zhukov & 
Semashko!2, The field sensing element is a 5L0-38 cathode-ray tube located in 
the stray field. Two flat electrodes are mounted on the screen; each of these in 
conjunction with the luminescent layer forms a capacitor. The electron beam is 
modulated. The signals from the electrodes are fed into a two-channel amplifier; 
after amplification and detection the difference signal is applied to the input 
of a phase bridge which controls the magnetizing current in the auxiliary winding 
of the DH-35 saturable reactors. 

The stray magnetic field in the vicinity of the cathode-ray tube is compen- 
sated by permanent magnets (see Fig.5). When the compensating-magnet and the 
stray field are equal, the beam is at the center of the screen, partially cover- 
ing both electrodes. In this case the two signals nullify each other and no con- 
trol signal is produced. If for some reason the magnetic field drifts off the 
set value, the beam is deflected to one side or the other and a signal of appro- 
priate polarity appears at the amplifier output. This changes the DH-35 magnet- 
izing current and leads to a change in the current through the main magnet wind- 
ings. Thus the magnetic field is maintained at a constant value. 

The field setting, i.e., the relation between the stray field and the field 
in the gap, is varied by adjusting the magnetic shunt. This is realized by dis- 
placing the moveable plates or the "knives" of the shunt by means of selsyns con- 
trolled from the main control panel. 

For purposes of spectrometric scanning the field in the gap can be varied in 
£10508, steps. In the case of spectrographic measurements the maximum deviation 
of the magnetic field from the set value Ho depends on the "exposure time T.Thus, 
for example,for Tj, = 1 hour and Tj = 8 hours the deviations are <1074H, and <2°* 
“LOSSHS; respectively. 
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3. Measurement of the Magnetic Field 

3. Measuremen) -- 

The field strength is gaged by proton paramagnetic resonance. The probe is 
a half-percent water solution of manganese chioride. 

The energy AW required for reorientation of the proton sp 


field Hp is given by the equation 


in in a magnetic 


AW = he, = hiyH, 


where { is the gyromagnetic ratio (4.257703 + 2.5-1075) +103 eps gauss"", and Wp) 
is the Larmor precession frequency. Thus measurement of. the magnetic field re- 
duces to measurement of the alternating magnetic field at which power 1s absorb- 


ed from the circuit. 
The probe is located in a vacuum pocket direct-— 


ly in the magnet gap; special liners are provided 
to insure a homogeneous magnetic field in the region 
of the probe. 

A block diagram of the proton resonance appara- 
tus is shown in Fig.6. The absorption signal from 
the rf circuit goes successively to the inputs of 
the preamplifier, amplifier and indicator unit. To 
permit observation of magnetic resonance, the fixed 
Fig.6. Block diagram of mag- magnetic field is modulated by special coils. The 


netic field measurement ap- radiofrequency generator serves to supply these 
paratus: 1) probe with radio- modulating coils, drive the sweep of the cathode-ray 
frequency circuit, 2) modu- tube in the indicator unit and for supplying the 
lation coils, 3) coaxial synchronous detector. There is also provision for 
feeder, 4) radiofrequency varying the modulation amplitude, which can be either 
generator and preamplifier, greater or smaller than the width of the nuclear 

5) amplifier, 6) audiofre- resonance line. 

quency generator, 7) indi- Initial detection of the nuclear resonance 
cator. signals is realized with strong modulation of the 


field and is observed on the screen of a cathode- 

ray tube. For precise determination of the magnetic field low modulation is em- 
ployed and the nuclear resonance signal is detected by the synchronous detector. 
A pointer type null indicator is connected into the plate circuit of the synchron- 
ous detector tubes. The generator frequency is varied from the control panel by 
varying the circuit capacitance by means of a selsyn. 

The proton resonance indicator allows of determining the magnetic field to 
within one part in 105 in the operating range. 


4. Investigation of the Field Configuration 


Particular attention was given to obtaining the requisite field distribution 
in the magnet gap and investigating its configuration. For the field measurements 
there were constructed two instruments: in the first, the signal arising as a re- 
sult of different displacements of the probe coil was measured by means of a bal- 
listic galvanometer; the operation of the second instrument was based on compensa- 
tion of the signals appearing upon simultaneous 180° flipping of two identical 
coils connected in opposition. The second instrument allowed of measuring the 
relative field value to within 1 part in (2-4)-104. Both instruments are charac- 
terized by a relatively high sensitivity (~0.05 oersted/mm). 


wee 


EERE 


‘cuit, 2) pole piece liner, 3) aperture, 
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Fig.7. Transverse cross section of magnet 
pole pieces, magnetic potential dividers 
and the vacuum chamber: 1) magnetic cir- 


4) outer shunt, 5) chamber, 6) inner 
shunt, 7) winding, 8) core. 


Fig.8. Magnetic field distribution 
in the spectrometer gap: 1) design 
curve, 2) with shunt, 3) without 

shunt. oy 


Fig.8. 


To check the quality of machining 
of the magnet, we carried out measurements of the azimuthal symmetry of the magnet- 
ic field distribution and also determined the position of the median surface. It 
was found that both the aximuthal distortions and the deviations of the median 
surface from the median plane are within the allowable tolerance. For eliminating 
the fringe effect we used special magnetic shims, acting like magnetic potential 
dividersl3. These shims consist of a set of iron strips interlaid with sheets of 
cardboard. The location of the strips in the vertical plane was chosen experi- 
mentally. Frames with sets of strips were mounted over the full length along the 
inner and outer boundaries of the gap (Fig.7). 

The results of measurements of the field distribution are shown in Fig.8 
and the accompanying table. 


Results of measurements of the magnetic field distribution 
H(p)/H(p9) in the median plane of the gap (with 9 = x2V2/2) 


EE 


A H H(pe) 
Design ne Experimental Hien 
Ao, mm [ee : 
a,=0 Gs — Ste H,=2kOe | H, =2,5 kOe Hojo KOC 

428 ,3 0,9595 0,9596 0, 9594 0, 9589 0, 9586 
100,4 0,9684 0, 9682 0, 9684 0, 9684 0, 9680 
70,4 0,9760 0,9760 0,9761 0,9759 0,9757 
42,4 0, 9864 0, 9864 0, 9863 0, 9864 0, 9861 
AG os 4 ,0150 41,0150 41,0148 41,0149 41,0150 
—99,1 4 ,0325 4 ,0324 4 ,0319 4 ,0320 4 0322 
—149,9 41,0496 4 ,0494 4 ,0487 41,0490 4 ,0490 
ee Dace AOS 4 ,0749 4 ,0738 4 ,0740 41,0741 
—269,0 4 ,0906 4 ,0897 4 ,0866 4 ,0868 4, 0869 
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Measurements of the field configuration allowed of choosing the best shape 
for the apertures defining the Q-particle beam and determining the maximum solid 
angle of the instrument (~8-1074 of 4n). A detailed description of the field 


configuration measurement procedures and the results obtained will be published 


elsewhere. 


5. Investigation of the Ion-Optical Characteristics of the Instrument 


For the purpose of find- 
ing the location of the focal 
plane and its shape and for 
energy calibration of the 
spectrograph, we constructed 
a special device with propor- 
tional counters which could 
be displaced perpendicular 
to the radius and rotated 
about the vertical axis with- 
out disturbing the vacuum. 

By varying the magnetic field 
the same group of Q-particles 
could be focused in turn on 
each of the counters. 

The location and shape 


Fig.9. Shape of the focal surface: A & B - vacuum of the focal surface as de- 
chamber walls. The arrow indicates the direction termined on the basis of 
of a-particle motion. these measurements are shown 


in Fig.9. The energy range 
E/E, of A-particles simultaneously detected by a set of photographic plates is 
~10%. The line half-width (AHe/Hp) does not exceed 0.07% at any point in the 
measurement range. The dispersion in the instrument is close to the design value 
and equals ~2.28-10-4 E, per mm. This corresponds to ~1.2 kev/mm for P0210 g- 
particles. 

Measurements of the relative variation in the transmission of the instrument 
along the focal surface were made by means of proportional counters (70 x 8 mm 
windows) with a 100 mm high source. The measurements were carried out for two 
values of the solid angle: 8°10-4 and 5°10-4 of 4x. The transmission proved to 
be maximum for particles moving along the central orbit. Towards the edges of 
the focal surface the transmission gradually falls off and amounts to ~80% for 
I = -240 mm and 90% for / = 150 mm (the distance ] is measured from p, along 
the surface of the photographic plates). 

The resolution of the instrument is illustrated in Fig.10 which shows the 
results of measurements of the principal Q-particle groups from Cm242. The 
line half-width equals approximately 3.5 kev (AHp/Hp ~ 0.028%). 

By virtue of the large size of the instrument (po, = 155 cm) and the relative- 
ly large solid angle (8-10~4 of 4x) the maximum transmission factor of the instru- 
ment is several times greater than that of any other spectrometer currently in 
operation4,95, The instrument allows of using samples with up to ~100 ug active 
material for investigating Q-particle groups with a partial period of up to 2-1010 
years with relatively high resolution. 

We desire to express our sincere gratitude to I.V.Kurchatov and L.A.Artsi- 
movich for their suggestions and assistance in developing the a-spectrometer 
V.Z.Bychkov, A.M.Barinov and I.V.Naumov who supervised the construction of the 
principal components of the spectrometer, S.M.Rubchinskii and M.P.Zel'dovich who 
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participated actively 
in development of the 

E,- 6,066 Mev £4° 6.110 Mev field gaging equip- 
ment, V.V. Zhukov, N.N. 
Semashko, D.V. Pavlov 
and A. A.Nikulichev 
for consultation on 
problems having to do 
with stabilization 
and investigation of 
the field topography, 
V.M.Kulakov, A.A. 
Arutyunov, S.N.Belen'ko 
and A.I.Timoshinov for 
assistance in develop- 
ing and adjusting the 
instrument, and A.D. 
Runov, I.Ya.Leskov and 
M.I.Dmitruk for assist- 
ance in developing and 
adjusting the vacuum 
system. 


4,1 kev 


2890 
Wave meter reading 


E,=6,066 Mev £6,110 Mev 
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-FOCUSING ALPHA-SPECTROMETER* 


SIGN CALCULATIONS FOR A DOUBLE 
a - A.G. Zelenkov 


The basic procedure for investigating the -ine structure of Gsspeci ee at 
present is the method of deflection of the Q-particles in a magnetic field. 

The distance between low lying levels in heavy nuclei is usually only some tens 
of kev, while the intensities of neighboring Q-particle groups may differ by a 

factor of hundreds, so that the apparatus line width must not exceed a few kev. 
Such narrow lines can be obtained only if the thickness of the source does not 

exceed ~10 yg/cem2,3,5, Hence the basic requirement set for aQ-spectrometers is 

the value of the luminosity L = oT, where 0 is the area of the source and T is 

the fraction of monoenergetic particles detected. 

Employment of the principle of double-focusing proposed by Svartholm & Sieg- 
bahn6-8 holds the greatest promise for realizing an instrument with a resolution 
of the order of 1074 and maximum luminosity. With a x/2 focusing angle, instru- 
ments based on this principle also have double the dispersion compared to instru- 
ments with semicircular focusing. 

Let us represent the magnetic field distribution in the magnet gap in the 
form of a series 


H (p) = Ho (1 + ayy + aay? + aay? + -- -) Q) 


Pee 


Here H, is the field along the central orbit (circle of radius p,) and y= ; 
0 


It has been shown by Svartholm & Siegbahn9-& that to realize spatial focus- 
ing the coefficient a, must be equal to -1/2. Choice of the coefficient a, is 
more or less arbitrary and depends on the shape of the aperture defining the 
charged particle beam9-11, 

Lee-Whiting & TaylorlO and Wild & Huber1! carried out a detailed comparison 
of instruments with different values of a, , assuming a defining aperture of rec- 
tangular shape. According to these evaluations, for equal resolution the maximum 
allowable solid angle will be obtained for a, = 1/, and °*/s- 

As has been shown by a number of investigatorsl0-16, both these types of 
spectrometers with appropriate choice of the coefficients in Eq.(1) allow of re- 
alizing ideal focusing over radial (a,='/s) or axial (a4,=%/s) angles. Neverthe- 
less, as has been pointed out by Lee-Whiting & Taylor] and Wild & Huberll, 
choice of the field distribution with a,—%/, for B-spectrometers presents certain 
advantages as compared with choice of a,=1/,. Owing to better axial focusing the 
¢-p2 term vanishes) and the smaller value of the factor multiplying z} in the for- 
mula for the abberation, the transmission factor (for the same resolution) is 
somewhat higher in instruments with a,=*/,.10,11 (Here 9, is the radial angle, 
9, is the axial angle, and z is the distance of the extreme point of the source 
from the median plane.) Finally, owing to the fact that with a, = °/, the field 
distribution is close to 4Voo, it allows of simultaneously realizing spatial focus- 
ing of particles in a wide energy range. This is important when the instrument 
is used as a spectrograph. Wild & Huberll analyzed the possibility of realizing 
a spectrograph with double-focusing (a,=—°/;). They showed that the most advantage- 
ous value for the third coefficient, a; , in the series development for 1/Vp is 


5 : 
—*/i¢. AS compared with a semicircular spectrometer, the double-focusing spectro- 
meter has the following advantages: one can have a much greater solid angle, 


*This report was presented at the Eighth All-Union Conference on Nuclear 
Spectroscopy. 
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‘tthe value of which, in contrast to the case of spectrographs with a homogeneous 


field, remains constant over the entire working range and does not depend on 
the size of the instrument, and the dispersion is twice as great but differs 
somewhat for different parts of the photographic plate. This leads to some re- 
duction in the momentum range of simultaneously recorded particles. 


Despite the above mentioned advantages of an inhomogeneous field with a, = 3/,, 
this type of field is not utilized in spectrographs for investigating heavy parti- 
cles for the following reasons.!7 The magnet of a double-focusing spectrometer 
must have a relatively wide gap which in turn involves high power consumption. 

In addition, with a wide gap there are encountered difficulties in minimizing the 
fringe effect and obtaining the requisite field distribution in the gap without 
undue increase in the size of the magnet. Finally, when the instrument is used 
as a heavy particle spectrograph, it is highly desirable to be able to count indi- 
vidual particle tracks in the photographic emulsion;3-5 with ad, = */, , however, the 
particles enter the emulsion at almost right angles to the surface of the plate, 
which obviously presents certain difficulties as regards counting the tracks and 
identifying the background particles. 

Hence there was chosen a field distribution of the type 


H (p) = Hy (1 —*/oy + */sy? + asy? ++ .. -)- (2) 
First, let us consider the particular case of motion of the particles in the 
median plane (z= (0). The particle momentum p and the radius R of curvature of the 
particle orbit are related by the familiar expression 


pe = RZel., (3) 


where c is the velocity of light and Ze is the particle charge. For particles 
moving along the central orbit, this expression becomes 


Pot = poZeHy. (4) 


Dividing the first by the second, we obtain after some simple transforma- 
tionsl6 


Re ta sh) (5) 


A 
where «=—-—~. 
P 


Inserting Eq.(2) and the expression for R in polar coordinates into Eq. (5) , 
we obtain the following equation (retaining terms through third order): 


wif + Yom = — fon? — a" + Yam? — arin’? + Cle — a5) oP +21 + fam + Mle? + Meg) +... © 
We shall use the modification of the method of successive approximation de- 


veloped by Baranov & Malovl6,18 for solving the equation. Let «a be the tangent 
of the angle of emergence of the particle relative to the normal to the radius. 


Let us write the solution in the form of a series in powers of « and vt: 


9 = % frot thor + 0 foo fF Oth + tgp O8 fg + Ot fay + atti + Tos. -- (7) 


Here fix is a function of the azimuthal angle @. From the boundary Condon 
4 (0) = 0 and 7/(0)=4, it follows that f,,(0)=0 and 7,,(0) =0, except that Tip (0) = 4. 
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Successive solution of the equations yields the following expressions fOr 5/3: 


fo=V2 sin o/V2; eS 
fon = 2 (1 — 008 g/V 2); ( 
Aa foie of/V 2; (10) 
fu = — Ve sing V2— 9 c0sq/V2 + 2V 2sin g/V 2; (11) 
Ee tar haa) i aie nee (12) 
9—k ss Ae 5. (Sct Ok) a ee 
SN me a pe V2sin 7 aE ig ges ie ae sin o/V 2; (13) 
3(k—9 3 = 
io _ ) cos Vi ; Ve siney 2 ig —* cosa V2 + 
3 > = 1) V20 ae o/V 2 a oo — C os o/V 2 x ae = (14) 
3 (k — 9) : R 
Tis = V 2si Bi ponpyi Ae sing V 2— 
es Erp 2et tee” cose ee eee eV 2sin @/V2: (15) 


here k—16 a3. New here are only the expressions for fi. foe, for and /,,, i.€., 
Eqs. (11), (12), (14) & (15); the other expressions are familiar from earlier 


studiesl4,16, 
Let us now turn to a consideration of the principal characteristics of the 


spectrograph, namely, the location and shape of the focal surface, the disper- 
sion and the resolution of the instrument. To this end let us rewrite Eq.(7) in 
somewhat different form: 


= 2% (fro + thi + thie + ---) + (for + the +...) +0? (foo + tfor +...) + a8 fgo +... (7') 


Let the focal surface be determined by the condition that there is realized 
on it first order focusing in «. From this we obtain the equation for the line 
of focuses: 


ho + thi + Why. = 0. (16) 


As is known, for a,='/; and t—0 there obtains second order focusing in «. 
The focusing angle equals t/2. For particles with «—0,first order focusing will 
be realized at a somewhat different value of the angle ©, namely, 


Expanding the functions (8)-(15) in series in 6 about ¢=r)/2 and substi- 
tuting the results in Eq. (16), we obtain 


a 47 —15k \ 
6= —~s A od 
e(4-+ 5 «| aC periy cs *)s (18) 
where x ‘ 
= B Ci I — 
ae Si nore” aaa tame eh 


The dispersion is determined by the second term in Eq.(7'). Proceeding 
analogously, we obtain 


— ooo 


1 (t) = (for + tfo2) = 4t (1 + 3t) = 4x (1 + 2x); (19) 


whence the dispersion 


Le Te TT 

ip TAL 5 dr) 2. 

We see that the dispersion is weakly dependent on the choice of a,. Equa- 
tions (18) and (19) are parametric equations of the focal surface. They allow 

of finding the slope of focal surface relative to the radius!® and its curvature 


K: 
tan 0=2 YS lim = mV? 1.44; Gaezce (20) 
and mo 71 
Kis = (1 = 0.13 k). (21) 


Lastly, for determining the abberation let us consider the last terms in 
Bd s4 7"): 


A = a foy + a7 faq + at fo) = Z = nV 208 + 2 (3 — k) ax. (22) 


Thus, whereas with k=1 (a;='/,,), as is known, there is realized radial 
focusing of the third order in «, with k=3 (a;=%/,,), there obtains second order 
focusing for particles with different energies. 

We have so far considered the conditions of focusing of a plane beam. It is 
known that double focusing of particles with different energies obtains only in 
a field falling off along the radius as 1V . For a,=1/s it is disturbed. Let 
us analyze this effect. To this end let us use the familiar equation relating 
the angles of radial (,) and axial (2) focusing: 19 


1 ied 


ae a See 
substituting Eqs.(17) and (18) therein, we obtain 
b= xr V2(1—») (24) 


From this we can readily deduce the following expression for the change in 
the image coordinates: 


Az=— an V2 Pols 


where y=tan9,. Consequently the height of the image will exceed the height of 
the source by 42 V 2 po}max*- 

In conclusion, let us write out the expression for the image coordinates 
o* and z* and the basal line width B with the obtained refinements for parti- 
cles with different momenta (a, = 1/,). The equations, which are valid only on the 
focal surfacel8,19 are 


i 5 3nV2 (1 —k 
o* = po— Ap + 4xpo (1 + 2x) — pox? — pe 40+ ee +2(3—k)a%po, (25) 
8 


2 = —2y+ aa = =a Pye — 2x V2 pox, (26) 
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Mesy sae ve 5 Ww , 3nV2(1—8| 
pee ep aes Ge ok 64 


fe [See 2 |x| | U5). (27) 
Po 


Jha 
max 


Ss; is its width, and s. is the width of the 
factor in Eq.(27) is connected with 


Here ; is the height of the source, 

detector slit. The appearance of a common 

variation of the dispersion along the focal surface: 
NT es eae lel 
peep Apo (f=. 2%) 


3/,, assures second order radial 


Thus a magnetic field with a,='/, and a; = 
The basal 


focusing in the angle ¢, of charged particles of different energy. 


line broadening owing to third order defocusing amounts to 39 Caer The disper- 


sion varies somewhat along the focal surface. Owing to disturbance of the condi- 
tions for axial focusing, the transmission factor of the instrument for particles 
with »~0 is soméwhat lower than for particles with an energy corresponding to 
H ofo- 

I desire to thank S.A.Baranov and A.F.Malov for valuable suggestions in the 
course of discussing the present work. 
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NEW DATA ON THE DECAY OF Am241 
- P.S.Samoilov 


Introduction 


The first experimental data on the conversion electrons emitted in the decay 
of Am241 to Np237 were obtained in 1951 by O'Kelleyl. Since then, the activity 
of this nuclide has been studied by many investigators. The region of the elec- 
tron spectrum below 10 kev was studied only by Baranov & Shlyagin2 and Rosenblum 
& Valadares3. However, the resolution and transmission of the spectrometers used 
in these studies were inadequate for good resolution of the conversion and Auger 
electron lines and detection of the weakest lines. All investigators who studied 
the conversion electron spectrum found evidence of six transitions with energies 
of 26, 33, 43, 55, 60 and 99 kev in Np23%, An appreciably greater number of y- 
transitions has been observed in investigations?» of B-decay of U237 to Np237. 

Some levels and y-transitions known to exist in Np237 on the basis of studi- 
es®,7 of Am241 q- and y-radiations were also not detected in observations of the 
conversion electron spectra. Finally, in 1957, Newton® in Coulomb excitation ex- 
periments, in addition to the known 33 kev y-transition, discovered y-transitions 
of 42.8 and 76 kev energy in Np237, As regards the multipolarities of these y- 
transitions, the data of different authors disagree in many cases. Thus, for ex- 
ample, even for the strongest 60 kev y-transition the relative L subshell internal 


A, (1.0) conversion coefficients (ICC) reported by differ- 

H,(fy,0) ent authors differ by as much as 70%. Insofar as 

12+ : has been reported in the literature, the electron 
spectrum of Am241 has been measured only in the 


energy region from 1 to 100 kev. 

With a view to refining and amplifying the 
data on the levels and y-transitions occurring 
Ait in Np237 from q-decay of Am?41 we recorded and 
analyzed the electron spectrum of Americium in 


the range from 1 to 400 kev. 
2 


ee 1. Procedure 
of 8 2t5 6 a a 
ee Meas The electron spectrum of Americium was re- 


corded on the x/2 double-focusing universal B- 
spectrometer described in Ref.9. This spectro- 
meter employs a magnetic field with axial and 

- Soersted mirror symmetry (Pavinskiil® type) which can be 


a 730 ™ described by the following series; 11 
o 400 « 
us i 4 r 2 acd 2 
fA Fiat (Main Gal H, (7, 0) = He (ro.0) [1-5 (21) + OF 1)" + 


al in 4 ME HPP 4 59 is 9 Be | 
Fig.l. Magnetic field distri- +a(%—1) +em(o—4) +o5(* 1) Ll eB 
 pution in the magnet gap of 

the B-spectrometer. The solid where H,(r, 0) is the vertical component of the 
line is the theoretical dis- magnetic field in the median plane of the gap 


tribution given by Eq.(1) with at a distance r from the symmetry axis, and 7 


6B = 3/16. The magnetic shims is the mean radius of the electron trajectories. 
1 & 4 give the field distribu- It is known that in such a field double- ; 
tion for B = 1/8 and B = 3/16; focusing is retained in a certain range of ee 
the shims 2 & 3 the distribu- ation of the coefficient B, but the shape of the _ 
tion for 6 = 3/8. image changes. In the given spectrometer, withou 
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Fig.2. Electron spectrum of Am241 in the 1 to 35 kev region: A - section measured 
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with 4 ye/om source (size 2 x 20 mm; 2 = 0.4%), B - 30 ug/em? (6 x 26 mm). 
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Fig.3. Electron spectrum of Am24l in the 35 to 100 kev region. 

A - 10 ug/cm? (size 2 x 20 mm; Q = 0.4%), B - 40 g/cm? (2 x 20 mm), 
C - 30 pg/cm2 (6 x 25 mm), D - 60 g/cm? (3 x 26 mm). 
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Fig. 3. Continued from opposite page. 
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Fig.4. Myyzyz-42.8 conver- 
sion line measured with 
sources: A - 4 ug/cm?, 
source 2 x 20 mm, count- 
er window 2 x 26 mm; B - 
10 ug/cm2, source 2 x 

x 20 mm, counter window 
1.5 x 20 mm; C - 10 ug/ 
/om“, source 2 x 26 mm, 
counter window 2 x 26 mm, 
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changing the construction of the magnet, one can rea- 
lize fieids described by Eq.(1) with B = 1/8, 1/4, 3/8 
or 3/16. This is done by means of spatial’ magnetic 
shims which are half-rings of Armco iron that are in- 
stalled directly along the edges of the conical pole 
pieces and in the air gap between them (Fig.1). 

Thus in the case of this spectrometer one can 
select the optimum conditions for measurement of elec- 
tron spectra when employing sources of different size 
and shape. Under our conditions, for sources measuring 
from 1 x 15 to 15 x 30 mm the optimum field distribution 
was that given by Eq.(1) with B = 3/16. According to 
the design calculations, the given magnetic field dis- 
tribution should persist in the entire range of the 
field strengths used in the experiment. 

In investigating the low energy radiations from 
Am241 , the electron spectrum must be measured from an 
energy of 2-3 kev. Then, for example, with a mean elec- 
tron trajectory radius ™ = 27 cm, a field distribution 
of the form (1) should obtain from 6 oersted. It was 
established experimentally that with the given method 
of correction, i.e., with the shims employed, the de- 
sired field configuration obtains from a field strength 
of 5 oersted. By virtue of this there was obtained 
good reproducibility as regards the relative half-width 
and energy position of the electron lines in the region 
of low energies (see Fig.3). 

The magnetic field strength was measured by the 
compensation method with a saturated Permalloy probe. 
The accuracy of measurement in the 100 oersted region 
was evaluated as 2°10-2%. The spectrometer was cali- 
brated with reference to the K conversion line of Cs137 
(data of Siegbahn & Lindstreml2) and the L conversion 
lines of Am24l (data of Day”). 

In all we carried out 23 series of measurements, 
using 14 different radioactive samples. Twelve of the 
sources were prepared on aluminum foils (6 ut thick) or 
celluloid films (0.05-0.2 w thick) by evaporation. The 
dimensions varied from 1 x 15 to 7 x 35 mm; the thick- 
ness of the active layer from 3 to 100 ug/cm2. Prior 
to applying the water solution of americium nitrate to 
the organic films, these were coated with a semitrans- 
parent layer of aquadag. The other two sources, which 
had an area of 2 cm? each and superficial densities of 
0.26 mg/cm? and 1.17 mg/cm2, were prepared by Khlebni- 
kov"“. By way of detectors we used Geiger-Mueller 
counters, the windows of which (measuring from 1 x 15 
to 20 x 35 mm) were covered with celluloid film pas- 
sing 32 kev electrons. Repeated recordings with an 
interval of up to several months between runs and 
measurements with sources of different origin yielded 
spectra with the same appearance. This gives reason 


to assume that all the observed electron lines belong 
to Am241, 


iN = 
N, counts/min 


5 oe ie a eae WS 
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Fig.5. Low energy region of the Am241 electron spectrum. Sources: A - 10 ug/em 
(1.5 x 20 mm), B - 2 ug/em2 (5 x 26 mm), C - 15 pg/cm2 (2 x 26 mm), D - 30 g/cm? 
(6 x 26 mm). 


Ze Experimental Results 


The experimental spectra obtained for Am241 are shown in Figs.2 through 6. 
In the 1 to 3.9 kev region the spectrum consists of strong Auger electron peaks: 
01 to 07 in Fig.2. In the region of higher energies, in addition to the 0g 
through O45 Auger electron lines, there appear numerous internal conversion lines 
(numbered from 1 through 100). The experimental results obtained for the conver- 
sion electrons from Am241 are summarized in Table 1; the results for Auger elec- 


In addition, for purposes of comparison, we list in Table 1 


trons in Table 2. 
s3 and Hollander, 


the data obtained by Baranov & Shlyagin2, Rosenblum & Valdare 
Smith & Rasmussenl4. 
The electron line intensities were evaluated from their areas in the spec~ 


trum. For measuring the areas, the lines were extended to the energy axis in 
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Fig.6. Sections of the electron spectrum of Am24l in the 100 to 400 kev region. 
Sources: A - 260 yg/cm? (size 2 cm2, 2 = 0.4%), B - 1170 pg/cm2 (2 cm2, 2 = 0.4%), 
C - 1170 yg/em? (2 cm2, 2 = 0.4%), D - 1170 pg/cm2 (2 em2, © = 0.6%), 

E - 720 ug/cm2 (4 cm2, © = 0.8%). 
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Fig. 6. Continued from opposite page. 
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Table l 
s obtained in investigating the conversion electron spectrum 
Se eee 


Reparted electron Hlectron 
energics line in- 


Experimental result 


tensity 
siestron Ts ev] chon [Lea [efeston| sone [Roto [Ret.s4 [given dn 
; | mes 
| 
1 3,96 L, 26,38 13,95 4,0 — 3,83 9,0 
3 4,74 Li; 26,34 20,38 4,85 — 4,72 20,0 
4 8,73 Litt 26 ,33 25,14 8,79 _ 8, 64 13,3 
9 20,64 M, 26,35 4,0 20,6 20,64 20,65 — 
Coline, 
with 10 21 ,00 My; 26,36 (6,0) 20,98 24,05 — 16,8 
Coine. 
with 43 21,94 My 22,34 (7,0) 22,0 24 87 — — 
14 22,48 My 26 , 33 1,6 a — -- — 
16 A ff» My 26,38 AO — _ — — 
17 24,83 Ny 26 ,33 3,0 24,84 25,00 24,88 26,0 
18 25,04 Nii | 26,36 (6,0) a —_ — 
20 26 ,03 I 6,38 ZnO — -— — — 
ee eee ee | eee ee ee 
Average: 26,36 (£1) 
2 4,5 L, | 26 ,92 10,0 — — a — 
5) 9,5 Litt Pahoa 4,0 — — — — 
+B 21,3 M, 27,04 (3,0) — — — = 
15 22,63 My | 27,06 ACG = oe = -“ 
SE ee eee 
Average: 27,03 (M2) 
6 10,74 Ly 33,16 55,0 10,75 10,82 10,72 50,8 
7 44,55 Ly 33,15 AES 11,6 11,62 11,56 1G 
8 15) Lyy 33,10 1474 15,64 15,59 15,53 12,0 
24 27,46 My, 33,2 PAN 27,92 27,46 27,4 


5 Mh] 227,84 |) Ge | 93,47) | 5,760] 27,81" | 2reA> | ore eG 
534 ie 28,05 |) Muy | 33,48 5,79 -| 28:64 | 288) 287 4 


24 31,7 Ny 33,2 8,75 31,78 31,73 34,64 1420 

25 32,75 Oy 33,44 2,6 _— 32,87 32,84 _ 
Average: 33,16 M1 (96%) + £2 (4%) 

18a 20,4 Ly 42,82 (2,0) — = = = 

18 29,2 Lit 42,8 8,0 — = —_ we 

30 38 , 4 Myr 42,83 2,0 — — — = 

34 41,3 Ny 42,8 (2,0) _ — == = 
Average: 42,81 (M3) 

10 20,96 LT, 43 , 38 33,36 24,06 21,05 20,92 39,7 

42 21,78 Lyy 43,38 34,87 21,78 24,87 21807 32,7 

19 29,78 Ly 43 , 38 31,76 25,79 25,85 25,74 25,6 

Coinc. % 
with 29 (37, 64) M, _ (9,0) 37,65 co ears) ns, 


Ditto | (38,0) | mw, as (8,5) | 38,05 | 37,98 | 37,95 | 12,2 
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(Table 1 continued) 


1 2 4 ey | 6 7 amma ee" 
34 58,05 hl aig 143,38 8,5 38,98 | 39,05 | 38,98 = 
ar 39,52 | Myy 43,37 One 2a a a sz 
Coinc. 
wi th 35 = Noes = (3,0) — — _ — 
36 42,3 Nae 43,38 4,5 - 42,37 | 42,26 = 
37 43,03 O; 43,38 | 1,0 43°42 1 45.9 43,01 | 2,8 
Average: 43,38 M1 (83%) + E2 (17%) 
| 
26 33,06 ‘im 55,48 | 5,5 33,05 | 33,14 | 33,4 4 
27 33,96 i eassan 56 | 4,8 83,06. 8) 39/09 epusses7 L| 5288 
Coinc. { | 
with 29 (38,0) | Ly, — | (4,8) ae = = oe 
45 49,77 M, 55,54 1,4 | 49,83 | 49,78 | 49,76 = 
46 50,2 My, 55,56 1,5 = 50,23 | 50,4 = 
AT 54,4 My 55,53 | 4,5 54,13 | 54,44 | 50,96 | 3,2 
| 
Average: 55,02 M1 (83%) + #2 (17%) 
; | | 
é. 28 37,15 Wei ss0ay 89 Been 37 1S S7MGu 837412 440-7257 
29 37,94 1 59,54 | 138,8 | 38,05 | 37,98 | 37,95 | 154,6 
: 35 42,0 Ce ONS 49,54 | 41,97 | 41,96 | 41,96 | 33,0 
5 49 53,86 | M, 59,6 20,0 | 53,85 | 53,83 | 53,82 | 17,8 
é 50 54,18 | My 59,54 | 45,0 | 54,24 | 54,24 | 54,22 | 38,8 
52 55,15 | My, | 59,58 Gaz Ghar) 55,13 | 55,4 43,7 
53 55,72 Ml a 59,57 2,3 | 55,84 | 55,74 | 55,68 i 
$ 5A 56,04 | My 59,7 2,0 — = = = 
24 55 58,05 N, 59,55 6,0 | 58,14 | 58,07 | 58,05 | 44,8 
| 56 58,24 Nu 59,56 | 13,0 = 58,25 | 58,22 SS 
F 58 58,6 Ni | 59,68 20 an = — = 
e 59 59,22 0; 59,56 6,3 | 59,26 | 59,34 | 59,2 4,2 
ae i 
3 Average: 59,59 (E41 + M2 + B3) 
ee 
é a 45,0 ter 01 | 
G - 45,7 es 67,3 0,4 
% ae a ee eee Ye ee 
s 
; Average 67,26 (M3) 
3 
o. 47,8 L 70,2 — 
: 42 , I , 
4 pel 48,5 fi 70,4 0,4 
43 ’ 6. 
i 52,5 i 70,4 0,4 
a 48 ; III 
& 62 64,6 My 69,96 0,4 
3 63 65,9 | My, 70,3 0,4 
Average: 70,4 
(51) 54,4 Ly 76,0 oa 
Th 58,4 Lint 76 ,0 0,1 
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(Table 1 continued) 


ee | 2 | ae ni aap 6rd a Sh 9 
| 
64 70,44 My 75,8 | 0,1 
69 71,35 Mitr Mets) || O48 
| 
Average: (hes) (0274) 
66 77,40 Ly 99,0 1,26 Windle: Clie coll io 
68 84,28 Litt 98 , 88 0,75 81,28 81,4 81,3 _— 
74 93,7 Mi 99 ,06 0,4 93 , 36 — 93 ,44 — 
72, 94,7 My 99,13 0,2 | 94,32 — 94,4 _ 
74 97,8 Ny 99,12 0,1 | Siew 
75 98 , 98 Ory Ge)4 0,05 
Average: 99,05 (£2) 
67 80,0 Ly 102, 42 0,074 
69 Sone, Litt 102,8 0,03 
73 97,35 M, 103, 4 | 0,03 
Average: 102,8 (M2) 
2a 4,35 K 422,97 4 
76 100,8 L, 123,22 0,05 
76a 101 ,6 Li 123 ,2 0,02 
76c | 405,0 Liz 422.6 0,05 
78 147,29 M 123 ,0 0,03 
78a 421,5 N 123 ,0 0,04 
Cpennee: 123,0 (M3) 
045 8,4 K 126,7 4 
76b 104 ,2 Ly 126 ,6 (0,02) 
76a 109,0 Lyyy 126,6 0,04 
78a 422.2 My 126 ,6 0,04 
78c 125,0 N 126,5 0,01 
Average: 126,6 (M2) 
33 40,2 K 158,8 AO) 
79 137,8 Ly 159,4 0,05 
80 140,8 Ly 158 ,4 0,05 
85 152,77 My 158 , 4 0,03 
Average: 158,8 (M2) 
40 46,5 K 165,4 0,41 
84 1428 Ly 164,4 0,05 
83 147 ,2 bat 164,8 0,05 
Average: 164,5 


== 
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(Table 1 continued) 


70 89,2 K 07,8 0,04 
87 184,8 es 207 ,2 0,04 
89 201 ,6 M, 207,3 0,04 
Average: 207,4 (M1) 
77 115,8 K 234,4 | 0,04 
90 24245 |b 234,6 | 0,0004 
92 216,8 Bee 234,3 | 0,005 
Average: 234,4 (M2) 
84 149 ,0 | K | 267,6 | 0,002 
93 246,8 Ly | 268,4 | 0,04 
Average: 268 ,0 (E3) 
88 185,8 K 304,4 | 0,01 
95 281 ,6 Ly 304 0,001 
96 287,5 ie 305,4 0,004 
97 299 M 304,5 
a a Ea Se ee Sy ee eee oe le eee 
Average: 304,5 
1 214,5 | K | 333,41 | 0,004 | | 
£ 98 311,4 Ly 333,8 0,004 
. Average: 333 , 4 
94 251,0 K 369,6 0,04 
99 347 ,0 Lr | 369,4 | 0,004 
Average: 369 ,4 
(98) 311,4 (K) 430 0,0005 


(101) 405,5 (Ly ) 427,9 0,0005 


(402) | 443,0 | (Ly) | 430,6 | 0,0005 


Average: 429,95 


accordance with the shape indicated by their upper (resolved) parts. Where a 
_ conversion line coincided in energy with an Auger line, we subtracted the inten- 
is sity of the Auger line from the integral intensity of the overlapping lines. The 
intensity of the Auger line was assumed to be equal to the intensity of the near- 
est (in energy) well resolved line associated with an Auger transition of the 


same multipole order. 
In identifying the y-transitions we were guided by the following considera~ 


a tions. 
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26.36 kev transition 


Conversion electrons associated with this transition were observed only in 
the work of Refs.2 & 3. In these studies, however, the conversion lines were 
not resolved from the Auger electron lines. In our measurements (Figs.2 & 5) the 
Ly, Lyy and Lyyzz conversion lines associated with the 26 kev transition are ; 
clearly separated from the Auger electron lines and the conversion lines associ- 
ated with other transitions. There is virtually no background due to scattered 
electrons to the right of the Lyj-26 line, which makes it possible to determine 
the intensity of this line with good accuracy. 

The experimental relative intensity ratios for the L conversion lines (tak- 
ing into account the contributions of Auger electrons to the experimental lines) 
are Ly:Lyyz:Lyzz = 55:81:100 (according to Refs.2 & 3 the ratios are 45:100:66). 
Our data are in agreement with the calculated values Ly: Lyr:Lyyz = 50:85:100 giv- 
en by Dranitsynal6 for an El transition. 

Among the M conversion lines of this transition, in addition to the My-26 
line detected by all the above mentioned investigators, we observed the Myy and 
My lines. The intensities of the Myy and Myyzy-26 lines, which are masked by the 
more intense Ly- and L;;-43 lines, were determined from the intensity of the My- 
26 line and the theoretical ratios My:Mrq:Myyzyz:Mry:My = 0.6:0.8:1.0:0.47:0.55, 
given by Rasmussen, Canaven & Hollander? in accord with the theoretical data of 
Rose for an El transition. The experimentally observed relative intensities of 
the M conversion lines (Table 1) are in qualitative agreement with the cited theo- 
retical data of Rose for an El transition. 

We attributed the Nos.17 and 18 lines to conversion of the 26 kev 7-rays on 
the N subshells. Specifically, we interpret line 17 as the Ny-26 line. The in- 
tensity of line 18 exceeds the intensity of the M conversion lines; this is ex- 
plained by the fact that in addition to the Nyy and Nyyzyz lines a large contribu- 
tion to the area of line 18 is made by the Lyyzy conversion line of the 42.8 kev 
y-transition (see below). The intensity of the Nj + Nyy line was determined from 
the intensity of the Ny-26 line and the theoretical Ny: (Nqj - Nyzy) ratio which 
was assumed to be equal to the My: (Mzz + Myzqz) ratio. 


27 kev transition 


The electron conversion spectrum (Figs.2 & 5) includes lines at 4.5, 9.5, 
21.3 and 22.53 kev. There are no strong Auger electron groups from Np237 with 
these energies. Moreover, these lines cannot be attributed to contamination or 
other spurious causes inasmuch as they were observed in five series of measure- 
ments (Fig.5) carried out with different sources and counters. In view of their 
energy values, we infer that these lines are the Ly, Lizz, My and M,y77 conver- 
sion lines of a 27 kev transition. In view of the relative intensity Ly/Lyy]7 = 


= 3 and the absence of an Lyyz line it must be assumed that the 27 kev transition 
is M2. 


33.16 kev transition 


The relative intensities of the Ly, Lyy and Lyyy; lines were determined tak- 
ing into account the contribution of corresponding Auger electron groups. The 
experimental values of the L and M subshell conversion ratios were found to be 


Ly: Lyyz:Lyyy = 4.6:1.4:1 and My:Myyz:Myyzz = 3.7:1:1; the M/L ratio therefore equals 
een on & Shlyagin2, Rosenblum & Valadares3 and Hollander, Smith & Rasmus- 
sen** report the following L subshell conversion ratios: 4.2:1:1, 4:1:1, and 
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3:1:1, respectively. It is apparent from the spectrum given by Baranov & Shlya- 
gin that the lower (as compared with ours) values of the Ly and Lyz line intensi- 
ties obtained by these investigators may be attributed to the fact that they did 
not take into account the scattered electron background with adequate accuracy. 
On the basis of the L subshell conversion ratios all the cited investigators in- 
fer that the 33 kev y-radiation is of mixed multipolarity: Ml + E2. According to 
our data, if one accepts the theoretical ICC values of Sliv & Bandl’, the mixture 
is 96% Ml and 4% E2. As for the M/L ratio, as was shown by Listengartenl8 on the 
basis of analysis of experimental data, the M/L ratio is in the neighborhood of 
0.3 for Ml and E2 multipoles in a wide energy range. 


42.8 and 76 kev transitions 


In his Coulomb excitation experiments, Newton® detected in Np237 an excited 
level at 76 kev and y-transitions of 42.8 and 76 kev energy. In our work the 
42.8 kev y-transition was identified from the corresponding Ly, Lyyyz and Myyzy 
lines. The Lyyy742-8 line coincides in energy with the Ny7-26.36 line. Hence 
as was noted above, the intensity of the Lyyy;-42.8 line was determined as the 
difference between the integral intensity of the No.18 line and the Nyy yyy-26.36 
line. The Myyyz-42.8 line is partially masked by the strong Lyyz-60 and My 11-43. 4 
lines. However, in repeated measurements of this section of the spectrum with 
different sources the Myy7j;-42.8 line was invariably evinced (see, for example, 
Fig.4 and curve B in Fig.3). 

As for the 76 kev y-transition, in the work of Newton it was less definitely 
identified than the 42.8 kev transition. In our measurements this y-transition 
is evinced only by the weak Myy- and My;7z7-76 conversion lines; the L-76 lines are 
masked by the strong Myy-60 and Ny7-60 lines. 


43.48 and 55.52 kev transitions 


All the authors that have observed the 43.4 and 55.5 kev y-transitions have 
characterized them as Ml + E2. According to our data, the mixture is 83% Ml and 
17% E2. It is interesting to note that the Mzyzyz-43.4 line is some 22 times strong- 
er than the Myy-43.4 line. 


59.57 kev transition 


In five series of measurements, the Lz, Lyz and Lyyzz conversion lines of the 
59.57 kev transition were almost fully resolved with complete absence of a back- 
ground due to scattered electrons. From these measurements we found Ly:Lyy:Ly1I = 
= 1.8:2.9:1.0. In determining the intensity of the Lyz line we took into account 
the contribution of the Mj-43, My -43 and Lyyzy-55 lines to the area of line No.29. 
The intensities of the first two lines were assumed to be equal to the intensity 
of the Myyzz-43 line which was fully resolved from the Lytz-60 line, while the in- 
tensity of Lyyzz-55 line was assumed to be equal to the intensity of the Lyr-55 


_ line. 


The Ly:Lyz:Lyzz internal conversion ratios reported in Refs.2,3,14 & 18 are 
2.2:4.7:1, 1.7:3.3:1, 1.5:3.3:1 and 2.4:4.7:1, respectively. There is the obvi- 


ous question of why the data of different investigators on these ratios diverge 


so greatly and which of the values is closest to the true one. To answer this 


- question we deliberately created experimental conditions under which there were 
obtained results close to some of the cited ratios. It was found that higher 


than our normal intensity values for the Ly and Lyy lines, i.e., values approxi- 


mating those of Baranov & Shlyagin2 and Canavenl9, are obtained when one uses a 
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narrow source with a large superficial density, that is, when the Ly and Lyr 

lines are poorly resolved and appear against a strong scattered electron back- 
ground. In the work of Rosenblum & Valadares® the Ly and Lyyz conversion lines 
were well resolved but were also observed against so strong a background of scat- 
tered electrons that it was difficult to evaluate the contribution of extraneous 
lines to the Lyy-60 line. Obviously, if the background is not properly subtract- 
ed the intensity value obtained for this line will be an overestimate. We believe 
that our evaluations are free of the above shortcoming. 

According to the theoretical data of Sliv & Bandl7, the relative conversion 
ratios for an El 60 kev y-transition are Ly:Lyy:hyrr = 0.125:0.105:0.10. It will 
be apparent that the experimental values of Ly:L,7:L obtained in all the above 
mentioned investigations do not correspond to the thecretical values for pure El. 
Jaffe et al20 found that the L conversion coefficient for the 60 kev transition 
equals 0.72 + 0.07, whereas for a pure El transition the coefficient should be 
0.32. Thus the experimental data indicate that the 60 kev transition is not a 
pure electric dipole one. 

The relative M-subshell conversion coefficients according to our data are 
My:Myyz:Myyyz:Myy: My = 2.1:4.5:1:0.25:0.1. From five series of measurements we 
found (My + Mr) :Myrr = 6.4 + 0.2, which is appreciably greater than the value 
(Ly + Lyy):Lyrz = 4.6. The M/L ratio according to Listengartenl8 should be equal 
to approximately 0.3. In this case it is actually equal to 0.35. 

According to our data, Nyz:Nyzy:Nyzzz = 3:6.5:1. The ratio (Ny + Nyp:Nyqtz = 
= 9.5; it is appreciably greater than the corresponding ratios for the L and M 
subshells. The N/M ratio equals 0.26 which is in agreement with the data of 
Listengartenl8, 


67 kev transition 


Rosenblum & Valadares* observed a weak line at 45.3 kev in the electron spec- 
trum of Am241, They advance two interpretations: either this line belongs to 
Pu239, an admixture of which was present in their source, or it is a conversion 
line of a 67 kev transition. We observed three conversion lines - 45.0, 45.7 and 
49.5 kev - which we attributed to a 67 kev transition. In view of the fact that 
this y-transition was not observed in the y-spectrum and is weakly converted on 
the Lyz subshell, it may be assumed that it is M3. 


70 kev transition 


There are no data in the literature on a 70 kev transition. We observed 
very weak (Fig.3) conversion lines - Nos.43, 48, 61, 62 and 63 - in several series 
of measurements. We attributed these lines to a 70 kev transition. The accuracy 
in determining the energies of these lines, however, is low. Hence the mean value 
for the transition energy deduced from the conversion lines diverges by 0.45 kev 
from the energy difference between the levels linked by this transition. 


99.1 kev transition 


The 99.1 kev radiation is the weakest radiation observed in earlier studies. 
From several series of measurements (curves B and C in Fig.3 and curve A in Fig 


6) we obtained the ratio Lyyz:L = 1.68: 
:Lyyy = 1.68:1, which is in agreement - 
retical data of Sliv & Bandl7 for an E2 transition. ; hires 
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102.8 kev transition 


There is no information in the literature on conversion electrons associ- 
ated with this transition. Where y-ray studies are concerned, its existence is 


most convincingly demonstrated in the work of Magnusson“, We identified this 


transition from its Ly, Lyy;yz and My lines located at 80.0, 85.2 and 97.35 kev, 
respectively. The Lyy-103 conversion line was not detected. The experimental 
value of Ly:Lyyzz = 2.5:1 is closest to the theoretical ratio for an M2 transition. 
We note that the conversion lines of this transition were well resolved from the 
close K - LL type Auger electron lines. 


123 and 126.6 kev transitions 


There are no data in the literature on a 123 kev y=-transition. Jaffe et a1 20 
and Magnusson21 report the existence of a ~128 kev transition. We attribute the 
Nos.2a, 76, 76a, 76c, 78 and 78a lines (Fig.6) observed in our experiments to a 
123 kev transition. The 76c line has a very wide peak. This is apparently due 
to the fact that the Lyjyz line of the 123 kev transition is not completely resolv- 
ed from the Ly line of the 126.6 kev transition (line No.76b in Fig.6); both Jaffe 
et al and Magnusson have definitely established the existence of a transition of 
this energy. We also attributed lines Nos.76d, 78a and 78c (Fig.6) to the 126.6 
kev transition. Judging from the relative intensity of the L conversion lines 
(Table 1) it may be inferred that the 123 kev transition is M3 and the 126.6 kev 
transition is M2. 


158.8 kev transition 


A cross-over transition from the 159 kev level to the ground state of Np237 
was observed by Day? and Magnusson2l, They did not detect conversion electrons 
associated with this radiation. We observed electron lines Nos.33, 79, 80 and 85 
which we attribute to a 158.8 kev y-transition. The K conversion line (No.33) 
was clearly evinced in all the measurement series. The L and M conversion lines 
are very weak lines and are poorly resolved from the conversion lines of the 164 
and 166 kev transitions (Fig.6). 


164.7 and 166.5 kev transitions 
The weak 47.6 kev electron conversion line observed by Rosenblum & Valadares® 
was attributed by them to a y-transition of 166 kev energy. Magnusson21 detected 
a y-transition of this energy. We observed two weak electron lines - Nos.40 and 
41, Table 1 and curve B in Fig.3 - which we identified as the K conversion lines 
of 164.7 and 166.5 kev y-transitions, respectively. The L conversion lines of 
these transitions are even weaker: we could observe them only in the experiments 
with the source having an area of 2 cm2 and a superficial density of 1.17 mg/cm? 
(curve D in Fig.6). 

We note that according to our data the intensities of the K conversion lines 
of the 158.8, 164.7 and 166.5 kev transitions exceed the intensities of the cor- 
responding L lines by a factor of more than 10. In view of the low intensity of 
the conversion line, however, it is impossible to make a multipole order assign- 


ment for these y-transitions. 
207.8, 234.4 and 268 kev transitions 


Gamma-radiation of 268 kev energy Was observed by Day’. There is no data 
in the literature on 234 kev y-rays. On the other hand, 208 kev y-radiation has 
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been reported by a number of investigators (Refs.7, 21, 22 & others). Wagner et 
al22 and later other investigators identified it as Ml. According to our data, 

for it K/L = 4 which is characteristic of magnetic dipole radiation. The L con- 
version line (No.87) of this y-transition almost coincides with the K-304.4 kev 

line. But in Fig.6 (curve B) these lines are fairly clearly resolved. 

We identified a 268 kev transition on the basis of very weak lines which were 
observed in measurements with a 2 em? source (thickness 1.17 ng/cm2) and a counter 
with a 20 x 30 mm entrance slit. Because of this, the K and L conversion lines 
of the 268 kev transition are poorly resolved from the Lyyyz-66 and K-369 conver- 
sion lines. Inasmuch as for this transition K/L = 1/5 and no Ly and Lyyzqz conver- 
sion lines of noticeable intensity were detected, it may be assumed that it is E3. 

We attributed lines Nos.77, 90 and 92 to a transition of 234 kev energy. In 
spectrum B of Fig.6, the K-234 line is fairly well resolved from the M-123 line. 
In view of the poor resolution of the L conversion lines, however, we were unable 
to make a multipole order assignment for the 234 kev transition. 


304.4 kev transition 


Gol'din et al® observed a low intensity (~0.002%) a-particle group in the 
radiation from Am241, corresponding to a level at 305 kev in Np237, Neither y- 
rays nor conversion electrons associated with this group of Q-particles were de- 
tected. We observed electron lines at 185.8, 281.6, 287.5 and 299 kev, which 
Me aoe to a transition from the 304.4 kev level to the ground level of 
Np 


333.4 and 369.4 kev transitions 


In the experiments with sources having an area of 4 cm? and a superficial 
density of 0.720 mg/cm? (the solid angle of the spectrometer in this case was 
0.8% of 4x), we detected the very weak lines designated Nos.91, 94, 98, 99 and 
100 (Fig.6), which we interpreted as the conversion lines of 333.4 and 369.4 kev 
y-transitions. These weak y-transitions in Np237 were observed only in B-decay 
of U237 (Refs.4 & 5). 


Other gamma- and Auger transitions 


In addition to the electron lines attributed to the y-transitions mentioned 
above, there were observed in the high energy region of the spectrum two extreme- 
ly weak lines (101) and (102) (Table 1 and Fig.6), and in the region of low ener- 
gies the strong lines identified as 0), 04, 020, 930, 033, etc. 

Possibly the (101) and (102) lines are the L conversion lines of a ~430 kev 
transition. That there exists a level of about this energy in Np237 is indicated 
by Baranov & Shlyagin4 and Wagner et al22, The strong electron lines in the low 
energy region are apparently the result of surposition of a number of close groups 
of Auger electrons. At present, in view of the lack of theoretical data on the 
intensity of Auger transitions, it is not possible to interpret all the Auger 
electron lines. The interpretation of some of the K - LL and K - LM type transi- 
tions is given in Table 2. The energy of the Auger electrons taking into account 
ionization of the atom is taken from the work of Rasmussen et al° and Beling et 
al23, As will be evident from Table 2,among the K - LL Augers there were not de- 


tected only electrons of the K - LyrLyy group although there is no evidence that 
this group may be masked. 
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Table 2 3. Discussion 
Interpretation of some of the Auger electron 

lines in the spectrum of Am241 Am241 decay scheme and Np237 
level diagram 
iKlectron Auger 


Wiekenaksyl wjsiveja jcnergy, ; Line 
} 
| 


ae fae kev | inten— The decay scheme for Am241 
|(Ref.15) sity* including all the experimental 
data published up to 1958 is 
| M;,—WN;N; given in Seaborg's Table of 
Or 05 1—5 ,06 | M,— NO, Isotopes24. This scheme shows 
: oe ae the following nine y-transi- 
Oi = Ore 6—15,8 ' evans tions: 26, 33, 42.8, 43.4, 55, 
AOS ee Fe | 60.76, 99 and 103 kev. There 
A ene ecto are no reports in the litera- 
37 aes aS He ON ture regarding previous obser- 
Ly 7 059; vation of conversion electrons 
Ocs 73,2 f) K—LyLy 73,41 . associated with the 42.8, 76 
‘ \) K-LyLy Th; 24 UNG and 103 kev y-transitions. We 
Oss ee K — Lylyyy P5520.) 05015 substantiated the existence of 
Or 2,3 SS eit ie al these transitions in our con- 
On 83,0 KL lin 83,06 | 0,053 
Ouse 9093 Pete eM, 5) =92,0 0,05 version electron measurements. 
Oss 94-96 Ren Me | 96,0 0,027 We also demonstrated the 
Ous 90,5 K—L,M, 90,5 0,04 existence of transitions of 
Ons 107—111,3 | K—M,M; 140 0,04 127, 159, 208, 166 and 268 kev 


*Intensities given in the same arbitrary units energy, which had hitherto only 
as for the conversion elcctron lines. been observed in studies of the 


y-radiation accompanying the de- 
cay of Am241, 

In addition to substantiating the above enumerated transitions, we infer the 
existence of the following y-transitions: 27, 67, 70, 123, 164.7, 234, 304.4, 333 
and 369 kev. The 27, 76 and 42.8 kev transitions indicate the presence of a level 
at 76 kev which has hitherto been observed only in Coulomb excitation; this is 
presumably the second excited level of the ground state rotational band25; 0(5/2+) , 
33(7/2+) and 76(9/2+). The 67, 123 and 166.5 kev transitions substantiate the 
existence of a level at 226 kev, the existence of which has hitherto been known 
only from the a-spectrum of Am241, 3,6 

The 304.4 kev transition is further evidence in favor of the 304 kev level, 
first also established from the Q-spectrum of Am24l py Gol'din et alS and assumed 
to be the upper excited level of the rotational band: 60(5/2-), 103(7/2-), 
159(9/2-) , 226(11/2-) amd 304(13/2-). 

The presence of the 208, 234 and 268 kev and the 42.8 and 76 kev y-transitions 
is evidence of the existence in Am241 decay of low intensity (~0.004%) Q-particle 
groups with energies of 5273 and 5464 kev. Further, the 333 and 369 kev levels 
indicate the existence of Q-particle groups with energies of 5208 and 5172 kev and 
an intensity <0.001%. 

The decay scheme for Am241 amplified on the basis of our experimental data 

is shown in Fig.7. The multipole orders that we regard as not firmly established 
are given in parentheses. 

. Let us briefly consider the multipolarity of the 26 and 60 kev transitions. 
-Beling, Newton & Rose23 established that the 26.3 kev y-radiation is electric di- 

pole (El). However, the relative L subshell conversion coefficients of the 26 

kev transition according to the data of Baranov & Shlyagin2 and Rosenblum & Vala- 
dares? are not in agreement with the theoretical values of the conversion coef- 
ficients for an El transition. Nilson & Rasmussen25 consider the ICC of this 
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transition to be anomalous and 
explain the anomaly as being due 
to the effect of finite nuclear 
size on internal conversion?", 
As follows from our experimental 
data for the 26 kev y-transition, 
the relative L subshell conver- 
sion coefficients are in agree- 
ment with the values for pure El. 
3 The anomalous values reported by 
S Baranov & Shlyagin and Rosenblum 
& Valadares may be explained by 
the fact that owing to inadequate 
resolution these investigators 
eu included in the intensity of the 
. Lij-26 conversion line the Ly and 
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sede of bial S| aN Sas of which was not known prior to 
Tae Ze et ane Se SRS the present study. 
0 62 6 leer eel The existence of the 27 and 
Np” 123 kev y-transitions cannot be 


regarded as definitively establish: 
Fig.7. Am241 decay scheme and levels of Np237. ed. However, as will be apparent 

from the electron spectrum, lines 
Nos.2 (Ly-27) and 2a (K-123) are not associated with the 26 kev transition. Hence: 
the internal conversion coefficient of the 26 kev transition is not anomalous and 
this case cannot be regarded as substantiation of the effect of nuclear structure 
on internal conversion coefficients. 

We note that Grechukhin28 in his work considered the influence of nuclear 
structure on the internal conversion coefficients of forbidden Ml transitions 
and showed that the contribution from finite nuclear size can be substantial only 
when the conditions of the single-particle model are rigorously fulfilled. An 
admixture (to the single-particle wave functions) of functions of other configu- 
rations with an amplitude of the order of or greater than 2% leads to ICC values 
independent of the nuclear structure. 

In the case of El transitions the requirements as regards “purity” of the 
model are more exacting. In this case, apparently, there is no rigorous conserva-. 
tion of the model "purity". 

As regards the 60 kev transition, our experimental values of the relative 
conversion coefficients of this transition, although they differ from the theo- 
retical values for an El transition, are nevertheless appreciably smaller than 
the values given in Refs.2,3,14 & 19. It must be noted, however, that neither 
our results nor those of other investigators can be explained, as was suggested 
by Rosenblum & Valadares® by a mixture of El + M2 + E3, if one does not take in- 
to account interference between multipoles in converted transitions. 

Possibly, if interference between the multipoles El, M2 and E3 is taken into 
account, one can explain our experimental Li:Lyr:Lyyzz ratios. It is also not im- 
possible that in this case, when the 90 kev transition is not a pure El transi- 
tion, the reason for the anomalous values of the conversion coefficients, as was 
suggested by Nilson & Rasmussen26, is the effect of nuclear structure on internal 
conversion. 

I desire to express my deep gratitude to D.V.Timoshuk and P.E.Spivak for 
valuable advice, D.P.Grechukhin and M.A.Listengarten for discussion of the results 
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and M.F.Karmalys and L.E.Morozova for assistance in the work. 
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POSITRON SPECTRUM OF THE LUTETIUM FRACTION FROM THE SPALLATION PRODUCTS 


OF TANTALUM 
- B.S.Dzhelepov, O.E.Kraft & E.B.Kreshtofova 


The positron spectrum of the lutetium spectrum obtained by chromatographic 
separation of the lutetium from the other rare earths produced by bombardment of 
tantalum with 660 Mev protons was investigated on a triple-focusing B-spectro- 


meter!, The thin active layer was deposited on a 5 UL aluminum foil. 
We began to study the positron spec- 


log N trum some 10-12 hours after irradiation 


i ea | of the tantalum. Observations over a 
i 


period of 200 hours showed that the B?- 
spectrum of the fraction actually con- 
sisted of two spectra with end-point ener=-- 
gies 2440 + 100 and 1200 + 70 kev and 
characterized by different decay periods. 
For the purpose of more accurate deter- 
mination of the periods of the responsi- 
ble activities, intensity measurements 

at two energies, namely, E, = 530 and 

Eg = 1650 kev, were continued over a peri-- 
od of 100 hours. The resultant plots 


4,0 


05 


G 


so ff ed oe ADEE are shown in Fig.l. The half-life cor- 
Fig.1. Determination of the decay responding to the high energy component 
periods of the lutetium spectra: 1) proved to be 45 + 5 hours. No positrons 


T = 35 + 4 hours (low energy spectrum, of this energy belonging to long-lived 
2) T = 45 + 5 hours (high energy spec- lutetium isotopes (for example, 8-day) 
trum). were detected. The Kurie plot for the 
high energy spectrum is shown in Fig.2. 
This spectrum was extrapolated into the region of low energies assuming a Fermi 
shape. After this the soft spectrum for each series of measurements was obtained 
by subtracting the hard component from the total Bt-spectrum: it was found that 
the low energy spectrum falls off in intensity with a period of 35 + 4 hours. 
The Kurie plot for the soft spectrum is shown in Fig.3, from which it will be ap- 
parent that this spectrum is complex and consists of two components with energies 
of 1200 + 70 and 350 + 100 kev and relative intensities of 100 and 17. The end- 
point energy and relative intensity of the 350 kev component could be evaluated 
only approximately inasmuch as in this energy range the corrections for scatter- 
ing are appreciable. 


NO 
FEp 
NO 
FEp 60 
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20 


1500 1750 2000 2250 E, kev 0 260 500 76D 7000 E ter 


Fig.2. Kurie plot for the high energy Fig.3. Kurie plot for the low energy 
component of the Bt-spectrum (T* 45 hrs). component of the Bt-spectrum (T x 35 hrs) 


- 1423 - 


Among the known lutetium isotopes two - Lul§9 and Lul70 - have a period of 


‘about 2 days.2 Despite the appreciable uncertainty in determining the periods, 


we can safely assert that the observed positrons belong to two different isotopes. 


| We infer that the positron spectrum with end-point energy 1200 kev and a period 


of 35 hours belongs to LutS9 and that the high energy spectrum with end-point 
energy 2440 and T = 45 hours belongs to Lul?9, These deductions are based on 
the following considerations. 

1. According to the mass evaluations given by Levy3, the Lul69 ~ ypl69 mass 
difference equals 1.9 Mev, while the Lu!70 - yp1l70 mass difference equals 2.9 Mev. 
According to Cameron's semi-empirical formula‘, the corresponding mass differen- 
ces are 1.9 and 3.5 Mev. If we assume that the Bt-decays of Lu go to the ground 
levels of the corresponding Yb isotopes, then according to our data the Lu - Yb 
mass differences are 1.200 + 1.022 = 2.222 Mev = 2.2 Mev and 2.440 + 1.022 = 
= 3.462 + 3.5 Mev. 

The uncertainty in determining mass differences by means of the semi-empiri- 
cal formulas is approximately 0.5 Mev. Thus it would appear more probable that 
the Bt-spectrum with E,, = 2.44 Mev and T ~ 45 hours pertains to Lut’, and the 
positron spectrum with Ea = 1.2 Mev and T ~ 35 hours pertains to Lul69, 

2. In measuring the Lu positron spectrum we observed an appreciable varia- 
tion of the relative intensities of the hard and soft components depending on the 
time At between bombardment of the Ta and separation of the fraction. For At = 
= 10-12 hours the hard Bt-spectrum amounted to 1/3 the soft one, whereas for At = 
= 1.2-2 hours this fraction was appreciably smaller, namely, 1/6 (the time between 
bombardment and measurement in both cases was the same: 15-20 hours). This dif- 
ference becomes understandable if, in accord with the decay schemes of Dzhelepov 
& Peker®, we accept that the Lut?70 appears (if only partially) as a result of de- 
cay of Hf170, which has a period of 112 min. In this case the amount of Lul70 in 
the lutetium fraction will depend on the time of separation from the bombarded 
target. If the separation is carried out 1.5-2 hours after bombardment, it will 
obviously contain relatively less Lu!?79 inasmuch as by this time only half the 
Hf170 will have disintegrated. On the other hand, if the separation is carried 
out 12 hours after bombardment virtually all the Hf170 will have decayed to Lul70, 
Hf169 is not known; if it exists, it probably has a very short half-life and dis- 
integrates completely to Lul69 by the time of separation. 

As we noted, the Lul70 - yp170 mass difference > 3.46 Mev. With so appreci- 
able a mass difference one can expect the y-spectrum of Lul70 to be very complex. 

It would be of great interest to investigate in detail the high energy re- 
gion of the conversion electron spectrum of the lutetium fraction; so far this 
spectrum has been studied only up to 210 kev by Bobrov et al2, In the course of 
exploratory measurements of the high energy section of the conversion electron 
spectrum of Lu we observed electrons with energies of 860, 1020, 1150 and 1380 
kev with a period of about 2 days and relative intensities: 


Br 850 € 8609 = € 1020 : € 1150 5 € 1380 = if : 0.14 S 0.13 5 0.05 : 05103 


Above these lines and up to 2200 kev there extends a low intensity electron 
"tail"; the decay period corresponding to this metals was not measured. It is 
quite possible that in this region there are many conversion lines which cannot 
be detected and resolved with our instrument (relative line half-width 4%) « 
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DECAY SCHEME FOR 30-HOUR Te13l 
- A.Bédesku, K.P.Mitrofanov, A.A.Sorokin & V.S.Shpinel' 


Introduction 


The matter of establishing the empirical regularities in the spectra of the 
excited state of undeformed nuclei with odd A is fundamental to further develop- 
ment of the nuclear shell model. It is known that the single-particle model does 
not allow of precise determination of the order of filling of the nuclear levels. 
The filling sequence can only be determined on the basis of experimental data. 
From the spins and parities of the ground states of odd A nuclei one can obtain 
information on the filling of the levels in these nuclei by odd nucleons. It is 
more difficult, however, to determine the order of filling by even nucleons. 

This can be done on the basis of the systematics of the energy states of certain 
groups of nuclei. 

It follows from the Mayer single-particle model that in the spectra of the 
excited states of nuclei with the same number of odd particles outside the closed 
shell there must be observed “similar” levels, i.e., levels having the same spins 
and parities and approximately the same location relative to neighboring levels. 
It has been noted by Zeldest»2 and Shpine1'3 that the appearance of the level 
shift curve for a group of undeformed nuclei with odd A that have the same number 
of odd particles, but each of which differs from the preceding one by one pair of 
even nucleons, can yield valuable information on the order of filling of the lev- 
els by even nucleons. It is found that the level shift plot has the appearance 
of a smooth, slightly cambered curve as long as the added even nucleon pairs fill 
the same level. When the added nucleon pair starts filling a new level, the shift 
curve exhibits a break, i.e., a change in direction. A model for explaining the 
appearance of the level shift plots was proposed in Ref.3. 

Of great interest is determination of the order of filling by neutron pairs 
of the 3sy,, 1h, and 2d, levels in the iodine isotopes 531125, 1127, 1129, 7131 
and 1133 by plotting the similar level shift curve for these nuclei. The level 
diagrams for these isotopes, except 1127 and 1129, have scarcely been studied. 
Hence in connection with solution of the question of the order of filling of the 
neutron levels in these nuclei we undertook a comprehensive investigation of the 
decay scheme for Te!31, B-decay of which excites a number of levels in 1131, 

The decay scheme for 5gTisl is very complex. The few investigations? de- 
voted to it are in need of verification. The commonly accepted Te!31 decay scheme 
was constructed primarily on the basis of the work of Elizabeth Hebb® who by means 
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of magnetic lens spectrometers and scintillation counters investigated the pri- 


itary and secondary electron spectra and carried out approximate y-y-coincidence 
measurements. 


The decay scheme was established mainly on the basis of analysis of the 


energy balance. De Waard & Gerholm’ measured the lifetime of the 147 kev level 


of qi3l, Alvager & Oelner® made an accurate determination of the conversion co- 
efficients of the 180 kev isomeric transition in Tel3l, 

We attempted to refine the TelSl decay scheme and to determine the character- 
istics of some of the low-lying levels in I131, 


Source Preparation 


For preparation of the source, high chemical purity metallic tellurium was 
irradiated with thermal neutrons in a pile. By the (n,y) reaction on Tel 30, the 
natural abundance of which is 34.49%, there form simultaneously the 30-hr (acti- 
vation cross section <8 mb) and the 25-min (activation cross section 0.22 b) Tel3l 
isomers. After attainment of equilibrium between the 30-hr and 25-min isotopes 
and complete disintegration of the 25-min Te131 forming directly in the (n,y) re- 
action, the irradiated product was dissolved in concentrated nitric acid and the 
1131 forming in the decay of Te13l was extracted with carbon tetrachloride. The 
tellurium dioxide obtained by evaporation of the purified solution served as the 
source for our measurements. Owing to the small activation cross section for 30- 


hr Tel3l the specific activity of the source was only of the order of 1 mC which 


naturally greatly hampered the measurements. 
Gamma-Spectrum 


The y-spectrum of the iodine free activity was measured on a scintillation 
y-spectrometer, employing a 30 mm diameter, 20 mm thick NaI(T1) crystal coupled 
to an FEU-13 photomultiplier. The resolution of the apparatus is characterized 
by the fact that the half-width of the Cs!37 660 kev line is 10.5%. The y-spec- 
trum measurements were repeated over a period of several days to elucidate the 
contribution from long-lived Te isotopes and other impurities. It was found that 
in the Ey > 700 kev region the intensity of all the spectrum lines falls off with 


_ the same period, i.e., ~30 hours, in view of which this entire region of the spec- 
trum may be attributed wholly to Tel3l, The most complicated situation obtains 
in the 0 to 400 kev region, where there is an appreciable contribution from the 
long-lived isomers of Tel23 and Tel25 and building up 1131. The intensity of the 


lines in the 400 to 700 kev region falls off mainly with a period of ~30 hours, 
although in this region there is some contribution from yi3l, The sections of 
the Te!3l y-spectrum in the 500 to 1400 and 700 to 2400 kev intervals are shown 


in Figs.1 and 2. The spectra were resolved assuming a standard line shape. Data 


on the relative intensities are listed in Table 1 (the intensity of the 780 kev 
_y-rays was taken as 100). 


As will be evident from Figs.1l & 2, in addition to the y-transitions observed 


- by Elizabeth Hebb®, we detected transitions of 2.2 and 1.85 Mev energy; instead of 


the 1.15 Mev transitions reported by Hebb, we observed two with energies of 1.12 


and 1.20 Mev. 


We also investigated the high energy (>1.2 Mev) region of the spectrum by 


is means of a spectrometer with a smaller solid angle. These measurements substanti- 


ae oN on 


ated the fact that the 1.6, 1.85 and 2.2 Mev lines correspond to actual transitions 


with these energies and are not a result of summing in the crystal of pulses from 


cascade y-rays of lower energies. We did not resolve the spectrum in the <700 kev 
region in view of the above mentioned difficulty in identifying the lines. 
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Table 1 
Energies and intensities of the y-rays from Te 


| 
Relative | 


By, ea) intensity, % | Method of 
He scintil.: photo— | scintil. | photo- | sdqdentification 


spectr. ; clectrons | spectr. electrons| 


| | 


1 80-5 oa - e \ coincidences with 770 kev ganmas 

Z 100+10 _ — _ om 

3 147-+-1 — strong = Decay period of B-y coinci- 
dences 

4 200-+10 = = = Period scintillation spectrum 

5 240-+10 _ — — ) 

6 330710 ix _ = ‘ Period of B-¥ coincidences 

i 440-+10 = = = | 

8 590-+15 — — a 

9 775+10 780-45 400 400 ) 

10 800-F15 8504-10 454-10 do+10 Period of scint. & photoelec— 

41 920-+-20* 925+10 ~20 15-5 tron spectra 

42 | 4120420 | 4114045 35-45 30-65 

£3.41 4200-600 mt 2208e45 25-65 25-45 ) 

14 4600+380 — ~o — Feriod of scintillation 

15 1850-+40 - ~2 — spectrum 

16 2200-450 — ~0,5 a 


*This is not clearly evident in the spectrum of Fig.2, but : 
graphic subtraction shows an excess number of counts in this region. 


Ne 10-3 Ne 
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FAgele Tei31 y-spectrum in the 500 to Figva. Tel3l y-spectrum in the 700 to 
1400 kev interval. 2400 kev interval. 


For the purpose of verifying the results obtained with the scintillation 
spectrometer, we also carried out measurements of the photoelectrons by means 
of the two-lens B-spectrometer described in Ref.9. Specifically we investigated 
the 600 to 1400 kev interval of the Tel3l spectrum. With an 8 mm diameter, 11 
mg/cm? thick lead radiator and a solid angle of 5% of 4x, the relative line half- 
widths were 3.5-4.0%. For determining the relative intensities of the y-rays we 
recorded the spectral sensitivity curve for the spectrometer. For purposes of 
calibration we used the y-radiations from 1131 which builds up in the source as 
ara eee of disintegration of Tel3l, The relative intensities of the y-rays from 
I have been measured repeatedlyl0-12 and the results of different investiga- 
tors are in good agreement. 


Oe 


10 et 


L-850+K-920 
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As a result of comparison of the 


wh ae relative intensities of the 364, 634 and 
* 720 kev y-transitions and the areas under 

the corresponding photopeaks, it was es= 

abi tablished that the spectral sensitivity 


of the spectrometer coincides with the 
energy dependence of the total photoelec- 
tric effect cross section. In other words, 
the intensities / and /“@) of two y- 
transitions giving rise to photopeaks with 


areas SS‘) and SD are related as 
6 (I) (ll 
T®).jope SS 
Ae ee 
y where ao) and ol) are the total photoelec- 


500 


tric effect cross sections for y-rays of 
the given energies. 

The experimental curve is reproduced 
in Fig.3 and shows photopeaks correspond- 
ing to y-transitions of 780, 850, 925, 1140 and 1220 kev energy. The results of 
these measurements agree with the data obtained by means of the scintillation 
spectrometer and substantiate the existence of two hitherto unknown y-transitions 
having energies of 925 and 1220 kev. 

Despite the overlapping of some of the K and L photopeaks, we were able to 
resolve the photoelectron lines (using the experimentally determined line shapes 


and K and L photopeak ratio) and determine the relative y-transition intensities 
(Table 1). 


Fig.3. Electron spectrum in the 600 to 
1300 kev region. 


Coincidence Spectra 


The coincidence spectra were measured on a conventional coincidence spectro- 


meter. We used both NaI(T1) and anthracene crystals. In addition, for the pur- 
pose of detecting cascade transitions, we used the summing or the "adding upon 
coincidence" technique described by Hoogenbooml3, Although this procedure is 
particularly advantageous in studying high energy (>1 Mev) y-transitions and 
cases when the cascade transitions depart from the same excited state (as, for 


example, in (p,yv) reactions), it also proves useful in ordinary spectrometric 


work for investigating complex decay schemes, 
inasmuch as there appear in the coincidence spec- 
tra only the total energy peaks from the cascade 
transitions, which greatly .simplifies interpre- 
tation. 
For the summing measurements the equipment 
was connected as shown in the block diagram of 
<-Fig.4. Block diagram of the experimental arrange- 
ment for the "addition upon coincidence” measure- 
ments: 1 & 2) crystals, 3 & 4) photomultipliers, 
5 & 6) cathode followers, 7) summator, 8 & 9) 
amplifiers, 10) integral discriminator, 11) dif- 
ferential discriminator, 12) coincidence circuit 
(10-7 sec), 13) gate, 14) 20-channel pulse height 
analyzer. 
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Fig.4. In order to reduce the resolving time, before being fed into the sum 
circuit the photomultiplier pulses were clipped to ~0.4 usec by means of a short- 
circuited line. Moreover, connection of the coincidence circuit between the sum 
analyzer and the analyzing channel substantially reduced the background of chance 
"summed coincidences’. 

The background of chance coincidences in the measurements by the convention- 
al procedure was calculated in most cases, while in the summing measurements the 
chance background was found from measurements with two separate sources. All the 
coincidence measurements were repeated on the following day in order to make sure 
that the observed transitions fell off uniformly with time. 


1. B-y Coincidences 
ata 
147 


“eoinc.* 

Ne: 9 
coine. “447 
15 


10 


0 
20 40 60 COMIN, 20 40 60 V 
Fig.5. Spectrum of y-rays coinciding Fig.6. Spectrum of y-rays coinciding 
with B-particles (Eg > 1 Mev). with B-particles (Eg > 1.4 Mev). 
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Fig.7. Spectrum of y-rays coinciding 
with B-particles (Eg > 550 kev). The 20 40 ¥ 


peak at 200 kev is due to Compton 
scattering of > 750 kev y-rays in the 
B-counter crystal. 


Fig.8. Comparison of the Tel3l 147 kev 
and Cel4l 145 kev lines. It is evident 
that there is no ~100 kev y-transition 
in the B-y coincidence spectrum of Tel3l, 
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For determining the transitions between the low-lying levels of 1131! we in- 
vestigated coincidences of the y-rays with the high energy Tel3l gB-particles. 
The measurements of the y-rays coinciding with ®-rays of energies Eg> 1 Mev, 
Es > 1.4 Mev and Eg > 550 kev are shown in Figs.5,6 & 7, respectively. As will 
; pe evident from these figures, the highest coincidence intensity is associated 
with the 147 kev transition, particularly for Eg > 1 and 1.4 Mev. In addition, 
the 147 kev peak was observed in the coincidence spectrum with the threshold of 
the B-discriminator shifted to~2 Mev. This substantiates the fact, inferred 
from other data, that the 147 kev level is at least one of the lowest lying levels 
in 1131 and that it is fed by a B-transition of ~2 Mev energy. Hebb® on the basis 
of the presence in the conversion electron spectrum of a line that was identified 
as an L line of a 51 kev transition and a line assumed to be the K line of a 99 
kev transition, inferred the existence of a level at 51 kev and a 51--99 kev trans- 
ition parallel to the 147 kev transition. 

In order to check this inference, the shape of the 147 kev line in the spec- 
trum of coincidences with Eg > 1 Mev was compared with the shape of the single 
Cel4l 145 kev line. This comparison is shown in Fig.8 where the two lines are 
superposed. In these measurements a collimator in the form of a 2 mm thick lead 
plate with a 5 mm diameter opening was mounted in front of the y-counter in order 
to reduce the back scattering peak appearing at ~90 kev and evident in Figs.5,6 
& 7. These measurements showed that there is no ~100 kev line in the spectrum 
and consequently that the cascade transition hypothesized by Hebb does not exist. 

One can also cite the following arguments against the existence of this cascade. 
If there really were a 50—100 kev cascade parallel to the 147 kev transition, 
then, inasmuch as the 780 kev transition is not in cascade with the 147 kev trans- 
ition, it should not yield coincidences with the 100 kev transition either. More- 
over, the conversion line observed by Hebb®&, according to her own statement, may 
be interpreted either as an L line of a 51 kev transition or the K line of a 79 
kev transition. Hebb chose the first interpretation wholly for convenience, for 
"otherwise no place could be found for it (the 51 kev transition) in the decay 
scheme.” 

4 But in the scintillation y-spectrum (the single spectrum and in coincidence 

- with the 780 kev line) there is observed a transition of 80 kev energy. From 
this it may be concluded that the 147 kev level is the first excited level in 
yi31, The energies of the other transitions observed in the present measurements 

are indicated at the curves in Figs.5, 6 & 7. 


aon ay Coincidences 


According to the decay scheme proposed by Hebb®, the 780 kev transition feeds 

the 147 kev level, and in parallel with it there should be a 440—330 kev cascade. 
_ Fig.9 shows the y-y coincidence spectrum for the case when the gate of the analyzer 
in the second channel was set on the 780 kev peak. No peak was observed at 147 
kev, but there are peaks evident at 80 and 100 kev. These peaks were also observed 
in the singles spectrum but their identification was hindered, since it is diffi- 
cult to determine the period corresponding to this part of the spectrum. 
In the "coincidence summing’ measurements with the control gate set at 780 
kev, no peaks except the total sum peaks were observed in the spectrum (Fig.10). 
This indicates that there is no cascade parallel to the 780 kev transition and 
that the 440 and 330 kev transitions are not in cascade. 
e On the whole, the coincidence measurements yielded evidence of the following 
x y-y cascades: 1100—780, 780—330, 850—330 and 780-—-850 kev. 
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Pig. Bi sy 40 
Fig.9. Low energy section of the spectrum of 7y-rays coinciding with the 780 kev 
y-rays. No 147 kev line appears in this spectrum. 
Fig.10. Summed coincidence spectrum (E,,,, = 770 kev). The insert 
shows the experimental geometry. The lead plate was clad with cad- 
mium to absorb the Pb x-radiation. 


Internal Conversion Coeffici- 


es ent of the 780 kev y-Transi- 
vo \ K- [" ih ie L-850 aS tion 
° : : | It follows from the re- 


sults of the B-y and y-y co- 
incidence measurements that 
the 780 kev y-transition 
goes to the ground state of 
1131, This being the case, 
by determining the multipole 
order of the transition one 
could make an assignment for 


500 $20 540 560 580 600 the 780 kev level. We under- 
Fig.11. Section of electron spectrum of Tel3l com- took to measure the ICC of 
prising the 780 and 850 kev transition lines. this y-transition. We used 


the method of comparing the 
ratio of the areas under the conversion lines and photopeaks of the y-transition 
with the corresponding areas for a y-transition for which the ICC is known. 

For the conversion line measurements the sources were prepared by the pro- 
cedure of settling from a suspension of finely ground tellurium oxide powder on- 
toal.5 mg/cm” thick aluminum foil. We used sources with a diameter of 5 and 
8 mm and thicknesses from 0.5 to 4 mg/cm2, The spectrometer employed had the 
same operating characteristics as in measuring the photoelectron spectrum. As 
the transition with a known conversion coefficient we used the 364 kev transition 
following B-decay of 1131; according to Haskins & Kurbatovll gy for this transi- 
tion is 0.02. 

As the result of measurements of the high energy part of the conversion elec- 
tron spectrum of Tel31 it was found that in addition to the lines associated with 
the 780 kev transition one can discriminate in this energy region a line corre- 
sponding to the 850 kev y-transition (Fig.11). 

In view of the relatively low resolution of the spectrometer the K and L con- 
version peaks were not resolved. However, making use of the known value of the 
K/L ratio, which in this energy region is virtually constant1l4 for all low multi- 
pole orders, it proved possible to determine the areas of the K conversion peaks 
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Table 2 and thus calculate the K shell conversion coef- 
Multipole order assignments for ficients. 
the 780 and 850 kev transitions The results of our measurements are shown 
a ae in Table 2 wherein they are compared with the 
i. er theo Inferred theoretical values of the conversion coeffici- 
2 ee hee ee order ents taken from the table of Sliv & BandlS, 
70 | 0,830.2 0,84/2,3/3,0| #4 Decay Scheme for Te131 
850 | 1,6+0,6|0,71/1,9|2,5 E2 


Fig.12 shows the principal features of the 
decay scheme proposed for Tel3l; this includes 

the lowest 147, 595 and 780 kev levels and the highest lying 2.2 Mev level in 
yi31 | which are excited in B-decay of Tel3l1, The results of our B-y and y-y co- 
incidence experiments allow of sketching in some of the intermediate levels, but 
plotting the complete scheme must await substantiation by measurements of the par- 
tial B-spectra based on observation of B-y coincidences, inasmuch as the tentative 
diagram is not consistent with the data of Hebb® on the end-point energies of the 
soft B-transitions. 


The assignment for the ground state of 


Tem 131 1131 is 7/2+ (Refs.16 & 17) which corresponds 
er, ,S0-hr ssi 


to the configuration (1 g;,,)3, predicted by the 

Mayer modell8, The first excited state is 

the 147 kev level (see above under B-y coinci- 

dences). Inasmuch as the 147 kev transition 

is Ml + E2 and the Ml component is [-forbid- 

denl9 one can attribute the configuration 

2ds,, to this level, which is again consistent 

with the single-particle model. The 595 kev 

gre level was introduced on the basis of the fact 

074 (52,%2,92) that in the B-y coincidence measurements with 

0595 (42) Ee > 1.4 Mev there were observed only 147, 

1187 h° ow ®sec 440 and 595 kev y-rays (Fig.6); the 595 kev 

0 T* Bday y-transition is apparently a cross-over transi- 
tion from the 595 kev level to the ground state, 
while the 440 and 147 kev transitions form a 


Fig.12. Level diagram for qi3sl parallel cascade. This is substantiated by the 
plotted on the basis of our ex- measurements of Mallmann et al; according to 
perimental results. their data and those of Hebb these two levels 


are excited mainly by B-decays going to the 
ground state of Tel3l. 

As was shown above, the 780 kev y-transition does not feed the 147 kev level. 
Inasmuch as this transition is one of the most intense transitions in the spectrum 
and is apparently involved in the de-excitation of most of the high lying fata! 
we introduced a level at 780 kev with the 780 kev transition leading to the tl 
ground state. Inasmuch as this transition, according to the measured conversion 

coefficient is El, the 780 kev level should be attributed odd parity. This fact, 
however, cannot be explained in the framework of the single-particle model. 

The level at 2.2 Mev was introduced in view of the existence of a 2.2 Mev 
transition, which in view of energy considerations can go only to either the 

ground state or the 147 kev level. The latter alternative, however, is less prob- 
able inasmuch as in this case the corresponding B-transition would have an energy 


of only ~100 kev. 


RATERS 
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Conclusions 


On the basis of the value of the internal conversion coefficient of the 147 © 
kev transition and the lifetime of the 147 kev level obtained in the work of Soro-: 
kinl9, we infer that the first excited level of 1131 has the spin and parity 5/2+. 
As was noted above, the assignment for the ground state is 7/2+. According to 
the shell model, this means that the ground state of 1131 is 1g:,, and the 147 kev 
state configuration is 2d.,. It was inferred in the work of Knight29, Graves and 
Mitchel12!, and Pappas22 that there should also be ‘gy, and 2d., states in the iso- 
topes 1127, 1129 and 1133, Actually, however, one can regard the existence of 
states with these configurations as firmly established only for 1127 ana 1129. 

In both cases the level assignments for the jodine nuclei were determined from 

the log ft value for the fB-transitions going to the given levels.29,21 The level 
diagram for 1133 was proposed solely on the basis of the study by Pappas22 in 
which the radiations following B-decay of Tel33 (7{/ = 53 min and TED = 2 min) 

were measured by the absorption method and according to the author himself involv--: 
ed considerable errors. Hence the existence of a 2d, state in 1133 cannot be re- 


garded as definitively established. 
On the basis of the data of Sorokinl? regarding the 


Sis , spin and parity of the 1131 147 kev level and the data 
i of Knight20, Graves & Mitchel12! and Pappas?2 we can 
i plot the 2d:,,—181, level shift curve for the isotopes 
400 ! q127, 7129, 1131 and 1133, The shift curve is shown in 
y Fig.13 where the points corresponding to 1127, 1129 and 
200 / 1131 for which the values are accurately known are con- 
S. nected by a solid line. As will be evident from Fig.13, 
0 eye oT the plot for these three isotopes is a smooth curve. 
This indicates that in these iodine isotopes the neutron 
om Re pairs fill the same level with sufficient "capacity to 
accomodate at least six particles. In this neutron num- 
Fig.13. Level shift ber region the Mayer modell8 predicts the existence of 
curve: separation be- the following states 3s,, (capacity 2 particles) , 1hu,, 
tween the 2d:,,—1g:, pro- (12 particles) and 2d: (4 particles). Obviously, in 
ton levels in 1125, 1127, 1129 anda 1131 the neutron pairs fill the thy, lev- 


1127 ana 1131 as a func- el. The great deviation of the point corresponding to 
tion of the even number 1133 from the smooth shape of the initial curve may be 
of neutrons. due, as we noted above, to errors in constructing the 

decay scheme and making the level assignments for this 
isotope. It is interesting to note that Mathur & Hyde23 established the first 
excited level of 1127 at precisely 187 kev. As will be seen from Fig.13, the 
points corresponding to this level lie on a continuation of the 3-point curve 
plotted for 1127, 1129 and 1131, The spin and parity of this level were not de- 
termined in either of the investigations23,24 of the level diagram of 1125, In 
view of the fact that the point for this isotope does fall on the prolongation 
of the 2d:,,—1g:, level shift curve for the other iodine isotopes, we infer that 
the assignment for this level is 7/2+. 

Thus on the basis of our results we have been able to plot the 2d:,,—1g:,, 
level shift curve for the iodine isotope and conclude that the neutron pairs fill 
the 1hw, level in 1127, 1129, 1131 and possibly 1125, Further investigation of 
the shift of similar levels in iodine isotopes must be predicated on more care- 
ful investigation of the decay schemes for these isotopes. 

We desire to express our deep gratitude to Yu.M.Ukrainskii for making avail- 
able the purified tellurium source material, N.P.Rudenko and O.M.Kalinkina for 
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assistance in solving certain radiochemical problems and L.P.Sorokina and V.V. 


Skvortsov, Moscow State University physics students, for assistance in carrying 
out the measurements. 
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ON THE ]-FORBIDDEN Ml (147 kev) TRANSITION IN yi3l 
=A waa OOLOk1 1: 


The lifetime of the 147 kev excited state of 1131 was measured by de eae 
& Gerholm by the method of delayed coincidences; they found 7, = (9 + 1) -10 
sec. 

This value of 7:,on the assumption that the 147 kev transition is pure Ml 
leads to a value of 1.5-1079 sec for the radiative lifetime t,y,, which is approx- 
imately half the value given by the empirical relation 


log (ty EB) =—11 (1) 


for l-forbidden Ml transitions in odd proton nucleil~3, This deviation may be 
explained either by a large admixture of E2 for this transition (E2/Ml = 1) or 
by a large systematic error in the measurements of de Waard & Gerholn. 

In the present work the lifetime of this state was also measured by the meth- 
od of delayed coincidences on a set-up of the conventional type described in Ref. 
4. The source was 30-hour Tel3l obtained by irradiation of a natural mixture of 
tellurium isotopes with thermal neutrons. Prior to the measurements the activity 
was purified chemically to remove the built-up 3131, We used FEU-33 multipliers 
operated at ~3 kv and tolan crystals. By way of amplitude equalizer we used 6S3P 
triodes, which at a current of 10 ma have a cut-off potential of ~l v. The length 
of the shaping cable assured a resolving time 2T = 3°10-9 sec. The pulses fed in- 
to the pulse height analyzer channel were taken off one of the last dynodes of 
the photomultipliers. 


x 
4 


“coine Y 147 


600 


100 
400 


200 


DeLay» 109 sec 


Fig.1. Delay curves for Te131 and C060 Fig.2. Low energy part of the y-ray 


obtained with the same settings of the spectrum coinciding with the Ee > 1 Mev 
analyzer gates and thresholds. : B-rays. 


We measured the B-y coincidences. The analyzer gate i - 
set on the Compton distribution from the 147 Rec es whilecinetuetiae ean 
the integral threshold was set at 1 Mev. The method of B-y coincidences has the 
advantage over the B-e~ coincidence procedure! in that the background due to 
spurious coincidences is lower. In our case the background was due to coinciden- 
ces of the B-particles with higher energy (than 147 kev) y-rays°® and amounted to 
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<20% of the useful effect. 


The averaged results for six series of measurements 
are shown in Fig.l. 


The lifetime of the excited state of I131 was determined 
from the slope of the delayed coincidence curve and also from the shift of the 
centroid of this curve relative to the curve for prompt coincidences in Co60 re- 
corded with the anaiyzer gates and threshold at the same settings. The two pro- 
cedures yielded results agreeing within the limits of the experimental error; 
averaging yielded 7y,= (8 + 1):10-10 sec, i.e., a value agreein 
of the experimental error with the result of de Waard & Gerholm-. 
The radiative lifetime for an Ml transition is given by the expression 


within the limits 


E2 
yar = 144 (1+ totam) (4+ qq) Pe (2) 


where “tot, is the total internal conversion coefficient for the Ml transition, 
and E2/Ml is the intensity ratio of the respective components. According to the 
tables of Sliv & Band®, a,1,,, = 0.25. 

In order to determine E2/Ml, we measured the K shell conversion coefficient 
of the 147 kev transition. These measurements were made on the scintillation co- 
incidence spectrometer employed in the work of Ref.5. Fig.2 shows the spectrum 
of the y-rays coinciding with Eg > 1 Mev B-particles. Inasmuch as the contribu- 
tion from transitions having higher energies than 147 kev is insignificant, the 
conversion coefficient of the 147 kev transition can be found from the ratio of 
the photopeaks associated with the 147 kev y-rays and the 27.5 kev x-rays accom- 
panying the conversion by means of the formula 

Sy € 


aK = Sy be ee 7 (3) 


where JS is the area under the peak, ¢« is the detecting efficiency, and Wx is the 
fluorescence yield of K x-radiation. The K shell conversion coefficient calcu- 
lated on the basis of the experimental data proved to be 


OK = 0.26 + 0.05. 


The indicated uncertainty includes both the statistical uncertainty in deter- 
mining Sx/S, which is estimated to be about 10%, and the possible error in evalu- 


ting —~.W 
ating —-Wx. 
xX 


According to the tables of Sliv & Band® a, for a 147 
kev Ml type transition should be 0.22; that for an E2 type 
transition of the same energy 0.33. Thus the value OK = 

*Kineo!! = 0.26 leads to the ratio E2/Ml ~ 0.6. Although with the 
e172 | “exp indicated uncertainty the percent admixture may vary in a 
wide range, the value obtained may be taken as evidence for 

a large admixture of E2. Consequently the deviation of 
0.22 | 0.38 | 0.26:40.05 tym, from that given by the empirical relation may be ex- 
plained by this factor. 

In general at present the accuracy as regards determination of the ratio 
E2/M1 in /-forbidden Ml transitions is not high. So far attempts to eecaser 
the finer regularities for transitions of this type (for example, the abo on 
of Tym; With the number of neutrons in poate i eee odd Z) have not been 
ample, Alvager, Johansson 4 
| Be ger ietosce ccecaduate srudent G.K.Ryasnov for assistance in adjusting the 
apparatus and aid in the measurements. 
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INVESTIGATION OF THE DECAY SCHEME FOR Hf181 
- A.V.Borovikov, V.S.Gvozdev, I.A.Kondurov & Yu.L.Khazov 
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136,25 92", Ih 
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Fig.1. Decay scheme for Hf181, 


Beta-decay of 46-day Hf181 leads to excited 
levels of Ta+3l (Fig.1). The total disintegra- 
tion energy of Hf18l1 is 1023 kev. Hitherto the 
excited levels of Tal81 have been investigated 
up to 619 kev energy. Boehm & Marmierl2 report 
a 476 kev y-transition in Tal8l and infer the 
existence of an excited level at 958 kev (476— 
—482 kev cascade). Other investigators? did 
not observe coincidences between the 476 and 
482 kev y-rays. Hence the existence of the 958 
kev state in Tal®l is open to question. 

The present work was undertaken for the 
dual purpose of investigating the excited levels 
of Tal81 primarily in the energy range above 
619 kev and for determining the multipolarities 
of the y-transitions on the basis of the ratios 
of the K and L shell and L subshell conversion 
coefficients. 

The B-spectrum and the conversion electron 
spectrum were investigated on a x/2 focusing B- 
spectrometer. For studying the y-spectrum and 
elaborating the decay scheme we used a y-spectro- 
meter with a multiple channel analyzer and the 
y-y and y-B coincidence technique. 


1. Beta-Spectrum and Internal Conversion Electron Spectrum 


N 

42 K-133.0 

ji 
8 
K-196.25 
Z 
SY | 1136.86 
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3 60 70 00 


We carried out a 
detailed investigation 
11-1930 of the B-spectrum and 
ii the internal conversion 

electron spectrum as- 
P sociated with the decay 
diyx5 of Hf181 (Figs.2-5). 


lytlq 1330 


] Piao The sources for these 
Us measurements were pre- 
L abd VHUSEL pared by the settling 


technique: the activity 
was deposited on 4 uw 
fGhZ] § gil 1930 aluminum foils from a 
Biles suspension of hafnium 
oxide (enriched to 
97.3% Hf189) in a solu- 


N-136,2 


110 120 130 Ep, FeV 


Fig.2. Internal conversion electron spectrum in the 60 to tion of shellac in al- 
140 kev range. cohol. The deposits 


prepared in this manner 


were irradiated with thermal neutrons in a pile. The measurements were started 


some 30-40 days after irradiation. 


In investigating the internal conversion spectrum we detected three hitherto 
unreported lines with energies of 280.2 (Fig.3), 551.1 and 531.6 kev (Fig. 5). There 
is also probably a line at 274.9 kev (Fig.s). These lines were identified as the 


\S “| 
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Fig.3. Internal conversion electron spectrum in the 
270 to 350 kev range. 
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Fig.4. Internal conversion electron spectrum in the 
400 to 485 kev range. 


K lines of y-transitions 
with energies of 347.6, 
619, 699 and 342.3 kev, 
respectively. It will be 
evident that a 619 kev 
transition is consistent 
with the decay scheme for 
Tal8l (Fig.1). No conver- 
sion lines were detected 
in the sections of the 
electron spectrum not shown 
in Figs.2-5. 

From Kurie plots for 
the B-spectrum, we infer- 
red the existence of three 
new B-components of low 
intensity with end-point 
energies of ~340, ~550 and 
~1050 kev. The ~550 and 
~1050 kev end-point energy 
B-spectra apparently are 
associated with decay to 
the excited level at 482 
kev and the ground state 
of Tal81, According to 
the decay scheme shown in 
Fig.1, the energies of 
these B-spectra should be 
541 and 1023 kev (Fig.10). 


2. y-y_ and y-B Coincidences 


The y~-y and y-B coinci- 
dence experiments were car- 
ried out by means of a fast 
coincidence circuit with a 
resolving time tT = 3-1078 
sec. For the y-y coinciden- 
ce measurements, we used 
two FEU-29 photomultipliers 
viewing NaI(T1) crystals; 
for the y-8 coincidence 
measurements, we used the 


same photomultipliers but with one NaI(T1) crystal and one stilbene crystal for 
detecting electrons. The y-ray spectrum was investigated by means of a 32-chan- 


nel pulse height analyzer. 


Fig.6 shows the spectrum of the y-rays coinciding with the 482 kev gammas. 
In addition to the 135 kev line (133 and 136.86 kev transitions) , we observed 
low intensity lines with energies of 220 + 10, 270 + 20 and 480 + 20 kev. These 
lines were identified as 217, 259 and 476 kev y-transitions in the level scheme 
for Ta181 (see Fig.10 below). Evaluation of the relative intensities of the de- 
tected y-transitions is hampered by the difficulty of precise determination of 
the energy dependence of the detecting efficiency with the given experimental 
geometry. For close y-transitions one can give an approximate evaluation of the 
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intensity ratio. Thus the 
intensity ratios of the 133, 
217 and 259 kev y-rays was 
evaluated to be 1:0.007: 
:0.003 (uncertainty - 60%). 

With a view to deter- 
mining the location of the 
217 and 259 kev y-transi- 
tions in the Tal8l level 
scheme we investigated the 
spectrum of coincidences 
with different sections of 
the B-spectrum. The results 
of these measurements are 
shown in Fig.7. The upper 
curve represents the coinci- 
dence spectrum with elec- 

' trons having energies from 
590 540 550 560 570 580 590 600 610 620 630 640 30 to 60 kev; the lower 
curve the y-ray coincidence 
Fig.5. Internal conversion electron spectrum in the spectrum with electrons 
530 to 640 kev range. having energies above 65 

kev. As will be evident 
from Fig.7, the 217 kev y-rays yield co- 
incidences with electrons of all energies, 
while the 259 y-rays yield coincidences 
only with low energy electrons. 

All the measurements of the low ener- 
gy part of the y-ray spectrum were carried 
out with chemically purified sources free 
of all extraneous impurities. The effect- 
iveness of the purification may be judged 
480 by examining Fig.8. Here curve 1 repre- 
rh sents the high energy part of the singles 


N 
J 


= 
[900 
CSOD SS SBHSSOOMH 


do, ass eon 7] | 181 
o 00 700 00 700 500 Ey, Kev spectrum of y-rays from the initial Hf 
activity. The spectra of the y-rays as- 
Fig.6. Spectrum of y-rays coinciding sociated with impurities remaining after 
with the 482 kev y-rays. the first and second purification treat- 


ment are shown by curves 2 & 3. Curve 4 
shows the y-ray spectrum obtained after 
two-fold purification of the initial source. 
All four curves have been normalized to 

the 482 kev line. As will be apparent from 
Fig.8, the relative intensities of the 880 
and 1100 kev lines from the impurities in- 
crease, which gives reason to infer that 
these lines pertain to another element. 

The intensities of these two lines are ap- 
proximately equal. Subsequent measurements 
led us to conclude that this activity prob- 


2100 200 300 Z00 500 600 ably belongs to 84-day Sc46, 
Eremet The high energy part of the y-ray 
Fig.7. Spectrum of y-rays coinciding spectrum was investigated for coincidences 
with a) 30 to 60 kev y-particles and with all y-rays without discrimination as 


b) >65 kev B-particles. 
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Fig.8. y-Ray spectra in the high energy region illustrating the effectiveness of 
chemical purification. 
Fig.9. Spectrum of y-rays coinciding with B-particles (no energy selection). 


regards energy. Measurements were carried out with a nonpurified source. There 
were detected y-transitions of 700 and 850 kev energy. These lines (700 + 20 and 
850 + 30 kev) and 619 and 1120 kev y-rays were detected in the 7-8 coincidence 
spectrum (see Fig.9). In this case the source (also not purified) was mounted 
inside a stilbene crystal 20 mm thick. In this case there was no energy discrimi-: 
nation of the B-particles. 

The 700 kev y-transition was not detected in either the singles spectrum of 
the purified source or in the impurity spectrum. This fact together with the 
data on the relative intensities of the 700, 850 and 1120 kev lines in the 7-8 
coincidence spectrum gives reason to assert that the 700 kev y-line belongs to 
hafnium. The fact that it is not evident in the singles spectrum may be explain- 
ed by the difficulty of detecting it on the side of the appreciably more intense 
615 kev line. 


3. Discussion 


On the basis of the relative internal conversion electron line intensities 
we evaluated the K/L, (Ly + Lyy)/Lyyzz, L/M and M/N ratios for a number of y- 
transitions in Tal81, We then made multipole order assignments for these y- 
transitions on the basis of the K/L ratio (the(Ly + Lytyz)/Lyyzz ratio in the case 
of the 136.25 kev transition). The data on the internal conversion coefficients 
ratios and the multipole order assignments are given in the accompanying table. 

The results of our multipole order determinations agree with the data of 
Boehm & Marmierl except for the 476 kev transition: according to our evaluations 
this transition is E2 + Ml rather than M2. 

We have amplified and supplemented the level scheme for Tal8l by inserting 
the new y-transitions detected in the present experiments (Fig.10). As will be 
evident from Fig.6, there are coincidences between the 476 and 482 kev transi- 
tions, hence it must be assumed that there actually is a 958 kev level in Tal8l, 
In view of the multipole order of the 476 kev transition and the spin of the 482 


i 
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Internal conversion coefficient ratios and multipole order assignments 


vas, ; Conversion coefficient ratios 

—transli— f 

tion ener- a pe [0 ap tor s/o o pice e 

dy, Kev K/*1, bya iri Litem | *mM/*n \*L/*Mt*N| assignment 
133,02 | 1,03-40,04 | 4,38-+-0,01 4,34 Ball 3,4 E2 
136,25 ey 7 415 4,27 3,36 | 120 #2188% M41 
YS os dal kes ins SO StF-L008 3,93 408 3,45 Bes 
476,0 | 4,91-£0,06 79% B24+21% M4 
482,0 | 4,53-£0,08 4,16 3,36 3,2 9004 £2-+10% M4 
615,5 | 4,96-+-0,04 3,02 — M3 


level it may be inferred that the spin 


wf” ‘To ; and parity of the 958 kev level are 3/2+. 
Va 3 1/2 There is probably a 342.3 kev transition 
XZ ; 
- \ a ee (yo) (>) departing from the 958 kev level to the 
Pee he NSS oa) 615 kev level (274.9 kev & K-342.3 line 


neh ees) 
The 699 kev y-transition presumably 
goes to the ground state of Tal81 inas- 
(yo* th) much as there is a B-component with end- 
i, point energy ~340 kev (the more precise 
ot 1/7 value of the end-point energy should be 
324 kev - Fig.10). 

Inasmuch as the 259 kev y-rays yield 
coincidences only with <65 kev electrons 
(Fig.7), the 259 kev transition must de- 
part from the 958 kev level. The 217 kev 
y-transition departs from the 699 kev 
level and goes to the 482 kev (5/2+) lev- 
el. The 347.6 kev y-transition was ob- 

x 92: 7/2 served in the internal conversion elec- 

= tron spectrum but not in the spectrum of 

ht 1) coincidences with 482 kev y-rays. If 
this transition does belong to Tal81, it 


699 


\ 
Pass | 
615 210° SEC \ 


5/2. 


8. \ 
482 40 °SCQ 


_Fig.10. Proposed amplified decay must feed the level at 615 kev which has 


scheme for Hf181, a lifetime of 2-:10-5 sec. In view of 
this it may be inferred that Tal81 also 
has an excited level at 963 kev. The spin of this level should not be large, 


gor with a large spin this level would not form in B-decay of Hf181 which has 


spin 1/2+. If the 963 kev level does exist, the 270 + 20 kev line in Fig.3 is 


_ the sum of two lines: 259 and 264 kev. 


According to Nilsson's schemes, in addition to the known levels, there should 
be two close levels in Ta18l with spins 1/2+ and 3/2+. The 963 kev level is ap- 
parently a single-particle level with spin 1/2+. The level at 958 kev, the assign- 
ment for which is 3/2+, may be a single-particle level or it may be the first ex- 


E cited level of a rotational band, lying below the band ground state. A similar 


> ee 


situation is observed in some fracium isotopes and obtains when the coefficient 
a in the formula for the energy of the rotational levels is negative and greater 
than unity in absolute value. 

The excited level at 699 kev is apparently a rotational level with spin 5/2+, 
the ground state of this band being the 615 kev level (spin 1/2+). The position 
of the rotational band level with spin 5/2+ may be calculated from the rotational 
pands of Tm169 and Tm171, which in the ground state, has spin 1/2+ with the same 


- 1442 - 


nucleon configuration as the 615 kev state in Tal8l1, Such calculation shows 
that the level with spin 5/2+ should have an excitation energy of about 700 kev, 
which substantiates our inference regarding the rotational character of the 699 
kev level. It is not impossible, however, that this level is a single-particle 
one. 

We desire to express our deep gratitude to L.I.Rusinov for his constant 
interest in the work, D.A.Varshalovich for discussion of the results, A.I.Egorov 
for chemical purification of the source material and Yu.N.Andreev for assistance 
in carrying out the measurements. 
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DECAY OF Tm168 
- V.I.Kochevanov, R.A.Kuznetsov, A.N.Murin, V.N.Pokrovskii & L.A.Smirnov 


Among the spallation products of tantalum bombarded with 660 Mev protons 
there was observed!,2 a long-lived thulium isotope: Tm168 (period 87 days accord- 
ing to Wilkinson & Hicks? or 85 days according to Handley & Olson*). There were 
observed y-rays! with energies of 80, 100, 200, 350, 800 and 1100 kev and conver- 
sion electrons? associated with a 79.7 kev transition. Subsequent investigations 
(Refs.5-7) of Tm168 , in this case formed by bombardment of Er with 22 Mev protons, 
established the existence of y-transitions having energies of 79.7, 99.9, 184.6, 
199, 247, 448, 720 and 820 kev and of an isomeric level with a half-life of 12° 
-10-8 sec. The level scheme proposed on the basis of y-y coincidence experiments 
is shown in Fig.l. An interesting feature of this scheme is the coincidence in 
time of the 720 and 820 kev y-rays; Mihelich & Harmatz® noted the prompt (<10-8 

sec) character of these coincidences. 
In the present study, as in the work of Refs. 
1 & 2, there were used Tm168 sources obtained by 
spallation of tantalum. The admixture of other 
12:10 °soe shorter-lived Tm isotopes was negligibly small. 
The Tm168 activity was studied by means of a 
scintillation y-spectrometer and the delayed y-y 
coincidence technique. The y-spectrometer was 
calibrated in intensity; the half-widths of the 
standard Csl37 line was ~9% (20 x 30 mm Nal(T1) 
erystal coupled to an FEU-S photomultiplier). The 
coincidence equipment, employing 12 x 30 mm NaI(T1) 
crystals, had a resolving time of 2-107? sec; the 
half-width of the standard Csl37 line was ~10.5% 
Fig.1. Tentative level scheme in each channel. One of the channels incorporated 
for Er168, a variable delay line with a delay time range from 


1800 


1280 
1080 


- 1443 - 


; Table 1 
Energies and relative intensities of Tm!68 y-lines 
(Results of y-y coincidence experiments) 


et te 


i] 


} 
| og toe ; 
Y-ray Relative Coincid. ; Is — R j Coincid. 
ain Y-ray | Relative : Is 
enerey, shee eee Y-ray_ || energy,| Y—ray_ ae Y-ray 
ev in cease linesx |delayel || kev | intensity] [ipeg« \delayed 
45 (x) 1,6 — |Partiall! 50 0,20 2 
0,44 = Yes 720 0.45 720 (4- x 
100 0,05 = pam : 
185 0,45 720 (+-) Partial 820 ie) See above Yes 
: 820 (4) 910 0.1 = 
200 0,38 120(—), | Yes || 1090 weak a 
i 820 (+) ' 4270 0,05 ee No 
250 0,09 — 1530 weak = sf) 
450 0,30 720 (—) No 1640 weak = No 
820 (+) 
* (+) means coincidences; (-) no coincidences. 


O to 1 usec in 0.01 usec steps. The constant delay in the other line insured ob- 
servation of prompt coincidences with a delay of 0.3 usec in the variable lin 
in the first channel. 

The experimental results are shown in Table l. 

The lifetime of the metastable level was found from the slope of the resolved 
delay coincidences curve (for example, x-radiation — 820 kev y-rays) and proved 
to be equal to 0.11 + 0.015 usec. : 

The first column of the table we give the energies of the y-rays detected in 
our experiments. It must be noted that the 185 and 200 kev y-lines were not re- 
solved by the spectrometer. Hence we could judge of the presence of these two 
lines only by the broadening of the curve; the data on the energies of these trans- 
itions are taken from Mihelich, Harmatz & Handley’. We detected a number of new 
y-transitions, primarily in the high energy region of the spectrum. Some of these 


_ transitions (640, 940 and 1300 kev) were detected in the work of Groshev et a8 


in the y-spectrum emitted in the capture of thermal neutrons by Er. 

The relative intensities of the y-transitions listed in the second column of 
the table were evaluated with an accuracy of ~15% in view of the complexity of the 
y-spectrum and the consequent difficulty of resolving it into individual components. 


It must be noted that a line is clearly evinced at ~1020 kev in the y-spectrum of 


Tm168; it was shown, however, that this line is the result of summation of pulses 
(apparently from the 200 and 820 y-rays) in the NaI(T1) crystal. To demonstrate 
this, the soft (<400 kev) part of the spectrum was attenuated by a lead absorber; 
as a result the 1020 kev line became unnoticeable and there became evident a weak 
1090 kev line. 

The third column of the table lists the fully substantiated data on y~y co~ 


_ineidences. In observing the coincidences of the 185 and 200 kev y-rays with the 


720 and 820 y-rays the clearest results were obtained in the case when the station- 
ary narrow channel of the coincidence circuit was set on one of the sides of the 


peak associated with the 185-200 kev group (in order to discriminate only one line 
of the group), while the variable channel was adjusted for the 720-820 kev group. 


A highly interesting result is the absence of 720—820 kev coincidences and the 
presence of 720 self-coincidences (Fig.2). This is clearly in conflict with the 


‘scheme shown in Fig.l. That this tentative scheme is in error is also shown by 


comparison of the intensities of the 185 and 820 kev transitions: the intensity 
of the 185 kev transition (multipole order E2) is appreciably lower than the in- 


tensity of the 820 kev transition. 


a ae 
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The table does not show the obvious 
820 kev results, i.e., coincidences of the x- 
radiation with all the y-rays, the doubt-. 
ful data such as, for example, coinci- 
dences of the 185-200 kev group with the 
450 kev gammas, etc. The last column in 
the table gives information on the degree 
of delay of the y-rays. The presence or 
absence of delay is readily evaluated 
from the shape of the delayed coinciden- 
ces resolution curve. The degree of de- 
lay is indicated somewhat arbitrarily. 
For example, the 185 and 200 kev lines 
yield delayed coincidences with the x- 
radiation. The intensity of the 200 kev 
line in the delayed coincidences spectrum 
is greater than the intensity of the 185 
kev line, whereas in the ordinary spec- 
trum (or with nondelayed coincidences) , 
the relative intensities are reversed. 
It follows from this that the degree of 
delay of the 185 kev y-rays is less than 
of the 200 kev y-rays. In other words, 
a relatively larger number of transitions 
Fig.2. Coincidence spectrum in the 720 missing the metastable level feeds the 
to 820 kev region: a) 720-820 kev line departure level of the 185 kev 7-rays. 
group recorded by the variable channel Hence the notation "yes'’ in the last col- 


= 
WwW 


Os 


with the stationary channel switched umn does not necessarily mean full delay 
off; b) coincidence spectrum with the of the given y-transitions. 

stationary channel set on the 720 kev We also recorded the spectrum of de- 
line (in position 1); c) coincidence layed coincidences with the x-radiation 
spectrum with the stationary channel in the 20 to 250 kev region. In this case: 


set on the 820 kev line (position 2). the stationary channel was set on the peak: 

of the x-radiation and a delay was intro- 
duced into this channel to eliminate nondelayed coincidences; the variable channel. 
was swept through the region from 20 to 250 kev. The intensity ratios obtained 
for the x-radiation and the 80, 185 and 200 kev y-rays were approximately: 


i% > Igo: Jigs : Leo) = 40:8: 40: 55. 


The delayed x-radiation arises owing to conversion of the delayed y-transi- 
tions. Hence 


de ~~ OK (%K-80 [go + OK-185 The5 + XK-200 L509); 


where x is the fluorescence coefficient, and x, is the K shell conversion coef- — 
ficient. Assuming the multipole order of the 80 and 185 kev transitions to be 

E2, one can find the theoretical value? of a, and %k3g, and thus obtain an evalu- 
ation of the K shell conversion coefficient of the 200 kev transition. We found 
Ax-999 = 0.387 + 0.1. In making the evaluation we did not take into account the de- 
layed x-radiation arising as a result of conversion of y-transitions of higher 
energy than 200 kev. This does not introduce an appreciable error inasmuch as 

the conversion coefficient of the 820 kev y-rays should not be large, and there 
are not other intense delayed transitions (see Table 1). 
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Table 2 The experimental value of ax for the 200 
‘Ox for the 200 kev transition kev transition is closest to the theoretical 
value? of the K shell conversion coefficient 
*K+theo for multipolarity Ml (see Table 2). 

After completion of the present experi- 
mental work there was published the brief com- 
1.78 munication of Jacob et al!° in which there is 

proposed the following level sequence: 79.9(2+), 

264.6(4+) , 549.1(6+) , 822.0(2+) , 896.7(3+) , 
996(4+) , 1095(3 or 4-; T = 12°1078 sec) and 1543.1 kev (4-). The 822, 897 and 
996 kev levels comprise a second rotational band. 

Fig.3 shows the decay scheme supplemented by the introduction of levels at 
1345 and 1720 kev. The positions of these levels were determined primarily by 
energy considerations. After their introduction all the observed y-rays, except 
the 1530 kev y-rays, can be fitted into the scheme. Some divergences between the 
level energy differences and the y-transition energies may be explained either by 
inaccuracy in determining the transition energies or by postulating the existence 
of close transitions not resolved by the spectrometer. These possibilities which 
are not in conflict with the proposed level assignments are indicated by dashed 


OK, 
te>ae 
“ E41 | E2 E3 


Mi | M2 


0.37-40.4 | on as 0.512) 0.34 


ml68, 


Fig.3. Decay scheme for T 
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lines in the figure. The indicated lifetime of the 80 kev state is taken from 
the work of Berlovich et alt1, It will be evident from examination of Fig.3 that 
our data arenot in conflict with the proposed scheme except for the multipole 
order of the 200 kev transition. A more detailed discussion of the decay scheme 
must await accumulation of additional experimental data. 

We desire to express our deep gratitude to I.A.Yutlandov for chemical sepa- 
ration of the irradiated material and L.K. Peker for discussion of the results. 
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ANGULAR DISTRIBUTION OF PROTONS FROM THE Be9(d,p)Bel9, $i28(a,p)Si29 
AND Bi299(q,p)Bi210 REACTIONS 
- N.I.Zaika & O.F.Nemets 


Investigation of stripping reactions is of interest from the standpoint of 
both the theory of nuclear reactions and the theory of nuclear models, for it al- 
lows of determining the spins and parities of nuclei. Most experimental studies 
of nuclear stripping reactions were carried out with deuterons of energies not ex- 
ceeding 3-5 Mev. An exception is the group of studies carried out on the Liver- 
pool cyclotron at a deuteron energy of 9 Mev (Ref.1) and individual studies in- 
volving deuterons of up to 15 Mev energy (Ref.2). 

Investigation of stripping at high deuteron energies is of great interest 
inasmuch as, first, at these energies the influence of the Coulomb barrier on the 
reaction is minimized, which allows of carrying out measurements on medium and 
high mass number nuclei; second, the contribution from the process involving for- 
mation of a compound nucleus, the excited levels of which lie in the region of 
quasi-continuous states, is reduced, which simplifies comparison of theory with 
experiment; and, third, investigation of stripping reactionsin this energy region 
is of independent interest from the standpoint of the theory of nuclear reactions. 

The fact that there have been few investigations in the high deuteron energy 
region may be explained by the appreciable difficulties encountered in carrying 
out such experiments. These difficulties are connected with the requirement for 
selectivity and good energy resolution (<2-3%) set for the spectrometer, The last 
requirement precludes the use of spectrometers with absorbers and double crystal 
selective scintillation spectrometers, the resolution of which is appreciably in- 
ferior to 2-3%, and makes it essential to use magnetic spectrometers and ionization 
chambers. Magnetic spectrometers, while they have a high energy resolution, are 
characterized by a low transmission factor, yield data the processing of which is 
highly cumbersome and moreover do not possess universal selectivity. 

In view of the above considerations we developed a selective spectrometer de- 
signed about an ionization chamber, which is described in detail in Ref.3. 


Experimental Procedure 


The deuteron source used in the pro- 
ton angular distribution experiments was 
the cyclotron of the Physics Institute of 
the Ukrainian SSR Academy of Sciences. 

The arrangement of the spectrometer, moni- 
tor and collimators is shown in Fig.1. 

The monitor employed was a threshold scin- 
tillation counter. 

For the purposes of the present in- 
vestigation the spectrometer was somewhat 
simplified, as compared with that described 
in Ref.3: mainly, the split electrode con- 
sisted of only two parts rather than four, 
as earlier. 

The size of the plates was chosen so 
Fig.1. Experimental arrangement: 1) ac- that at the working pressure in the chamber 
celerator, 2) focusing magnet, 3) de- the deuteron, triton and Caparkicle ria 
flecting magnet, 4) shielding, Surec= terminated within the region of locat a 
action chamber, 6) spectrometer, 7)tar- of the first plate, and only gk a ching 4 
get, 8) monitor, 9) collimators. reach the second plate (Fig.2). e selec 


Fig.2. Block diagram of the spectrometer: 1) 
first spectrometer plate, 2) second plate, 3) 
main plate, 4) entry foil, 5 & 5') amplifiers, 
6) anticoincidence circuit, 7 & 7') coinci- 
dence circuits, 8 & 8') discriminators, 9) 
linear amplifier, 10) delay line, 11) coinci- 
dences with retention of amplitude, 12) multi- 


ple channel pulse height analyzer. 
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Fig.3. Pulse coincidence spectra 

for the products of the Be? + d re- 
action: a - from the second and main 
electrodes, b - from the first and 
main electrodes, and c - from the 
first and main electrodes when the 
circuit is connected for anticoinci- 
dence with the pulses from the sec- 
ond electrode. 
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tivity of the spectrometer for 
the Be? + d reaction is shown 
in Fig.3. When the circuit is 
adjusted for coincidence of 
the pulses from the second and 
main electrodes only protons 
are detected (Fig.3,a); when 
the setting is for coincidence 
of the pulses from the first 
and main electrodes, protons, 
deuterons, tritons and Q-parti- 
cles are detected (Fig.3,b), 
while when in addition the 
pulses from the first and sec- 
ond electrodes are fed into 
the anticoincidence circuit, 
protons are not detected (Fig. 
3,c). After the coincidence- 
anticoincidence circuit, the 
pulses are fed into a multiple 
channel pulse height analyzer with a mag- 
netic memory. The energy resolution of 
the apparatus was ~3%, but it can be sub- 
stantially improved. 


Experimental Results 


The proton angular distributions cor- 
responding to the ground and excited states 
of BelO ana Si29 and the ground state of 
Bi210 sre shown in Figs.4 through 9. The 
points indicate the experimental values; 
the solid lines are the curves calculated 
according to Butler's formulaS. In the 
calculations, the radius for silicon and 
bismuth was calculated by the familiar 
formula Ro = (1.7 + 1.22 Al/3)+10-13 cm. 
For beryllium the best agreement with the 
experimental points is obtained with the 
radius taken equal to 4.8-10-13, a value 
somewhat greater than that given by the 
formula. 


Discussion of the Results 
BeY(d,p)Be 


As will be apparent from Figs.4 & 5, 
the proton distributions corresponding to 
the ground and excited state of Bel® are 
in agreement with the theoretical curves 
for the case when the neutron is captured 
with orbital angular momentum /7, = 1. As- 
suming the Be? ground state spin to be 3/2-, 
the spins of the ground and first excited 


dj¢Q, arb.units 


Fig. 5 


Fig.4. Angular distribution 
action. Q 
according to Butler's formula. 


Fig.5. Same as Fig.4 but for the Be9(d, p) BelO* reaction. 


Mev; /n = 1; Ro = 4,8-10-13 on. 


Fig.6. Same as Fig.4 but for $i28(d,p)Si29 reaction. 


5.4-°10713 cn. 


Mev; lL, = SIR Ro 


Fig.7. Same as Fig.4 but for $i28(d,p)Si2™ reaction. Q 


5.4-10-13 en. 


Mev; Jn = 2; Ro 
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os 
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vi 9e.me 
Fig.8 Fig.9 
Z Fig.8. Same as Fig.4 but for 
$i28(d,p)Si2% reaction. Q = 2.62 
Mev; /, = 3; Ro = 5,4-10-13 cm. 
a Fig.9. Same as Fig.4 but for 
 pi209(d,p)Bi219 reaction. Q= 1.94 


Mev; (, = 6; Ro = 8.9-10713 cm. 
y 


second, third and fourth levels owing to 
For the fifth level /, 
The indicated assignments for the ground and first excited 


proton groups. 
are 5/2- and 7/2-. 


4.596 Mev; J, = 1; Rg = 4.8-10713 cm. 
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Fig.6 


of protons from the Be9(d,p)Bel® re- 
Curves calculated 


— 
= 


Q= 1.22 


— 
= 


Q 6.246 


4,97 


state of Bel° may be O+, 1+, 2+ or 3. 
for the excited state, inasmuch as the 
0+ assignment must be excluded in view 
of the fact that there is a y-transition 
from the first excited state.® 


$i28 (d,p)Si29 


The proton group corresponding to 
the si29 ground state has an angular dis- 
tribution consistent with the theoretical 
one for /, = 0 (Fig.6). This means that 
the assignment for the ground state of 
$i29 is 1/2+, inasmuch as the nuclear 
spin of Si28 is 0+. In excitation of the 
first level of Si29 qa neutron with /,= 
2 is captured (Fig.7). The possible 
assignments for this first excited state 
are 3/2+ and 5/2+. We were unable to 
plot the angular distributions for the 

the low intensity of the corresponding 
3 (Fig.8) and the possible assignments 


4 
—] 


— 
= 


states are in agreement with the predictions of the nuclear shell model.’ For 


"the 3.62 Mev level the shell model allows of only 1/2+. 


us can be explained if we assume that 


“3 


Dashes bai 


The value obtained by 
$i29 has an oblate shape®. 
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Bi209(q ,»p) Bi 210 

The Bi209(d,p)Bi210 reaction was investigated earlier by a number of authors” 
at deuteron energies of 14-15 Mev. In one set of experiments, however, the pro- 
ton angular distribution had no pronounced maximum corresponding to the stripping 
reaction, while in the other set of experiments the spin value deduced for the 
ground state of Bi210 (0-) differs from the value obtained by Smith (cited in 
Ref.10), but is in agreement with the calculations of PrycelO and Brink9. Our 
experimental proton directional distribution has two characteristic peaks at 50° 
and 85°. The calculated maxima for |, = 6 and lJ, = 7 lie at 40 & 80° and 45 & 
85°; if we take /, = 6, the ground state spin may be 1-. We feel that /, = 5, 
the orbital momentum value necessary to obtain 0+ for the Bi210 ground state, is 
implausible. For definitive solution of this problem, however, one must take in- 
to account both the Coulomb and nuclear interaction. 10 

We desire to thank M.V.Pasechnik for interest in the work and valuable ad- 
vice, G.A.Kosinov and V.N.Dobrikov for assistance in the experiments, Yu.A.Bin'- 
kovskii for preparing the targets, and the personnel of the cyclotron laboratory 
for insuring faultless operation of the accelerator. 
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NUCLEAR REACTIONS OF MULTIPLY CHARGED IONS WITH CARBON AND OXYGEN AND 
THEIR INFLUENCE IN INVESTIGATION OF COULOMB EXCITATION 
- D.G.Alkhazov, A.P.Grinberg, G.M.Gusinskii & I.Kh.Lemberg 


Introduction 


Investigation of Coulomb excitation of high-lying levels requires increasing 
the energy of the bombarding particles. The use of protons or Q-particles in 
such experiments leads to a sharp increase of the y-background (particularly in 
the case of bombardment of low mass number nuclei) that arises due to reactions 
involving the formation of a compound nucleus. In principle, the intensity of 
the background y-lines must decrease greatly if heavy ions are employed as the 
projectiles.1 

However, even in our first attempt to use 25 Mev nitrogen ions for excita- 
tion of high energy nuclear levels in Sn isotopes we encountered a background of 
y-lines, the intensity of which was much greater than the expected intensity of 
y-rays emitted as a result of Coulomb excitation. 

For the purpose of elucidating the origin and character of this background 
y-radiation we investigated the y-spectra of over 40 different elements, their 
compounds and isotopes, arising as a result of bombardment by c12, nl4, 016, Ne20 
and Ne?2 ions. The y-radiation was detected by means of a scintillation spectro- 
meter consisting of a 40 mm diameter, 40 mm thick NaI(T1) crystal coupled to an 
FEU-11 photomultiplier and a 50-channel pulse height analyzer. In these experi- 
ments we used the same "close geometry’ as in our earlier work?,3 on the y-rays 
emitted as a result of Coulomb excitation of nuclear levels. As before, the dis- 
tance from the target to the face of the crystal was 2.7 mn. The y-radiations 
were studied in the region from 0.1 to 2 Mev. The spectrometer was calibrated in 
energy by means of "standard" radioactive y-sources. 

By way of bombarding particles we used the following ions accelerated in a 
cyclotron: 13.6 Mev C12, 11 to 40 Mev nl4, 18.1 Mev 016, 23.1 to 27.8 Mev Ne20 and 
25.6 Mev Ne22. 


1. Background y-radiation in the experiments with N14 ions 


The spectrum of the background y-radiation was investigated in greatest de- 
tail in the case when the projectiles were nitrogen ions, inasmuch as these ions 
were most frequently used in our studies of Coulomb excitation. 

To reduce the number of possible nuclear reactions (modes of disintegration 


of the compound nucleus), initially we chose a relatively low nitrogen ion energy, 
namely, 15.9 Mev. It was found that in the case of irradiation of any target con- 


taining elements with Z li, in addition to the y-lines associated with Coulomb 
excitation there were always observed four background y-lines with energies of 
0.35, 0.51, 0.59 and 1.37 Mev; the 0.51 Mev line was always weaker than the 0.59 
Mev line. It was also established that the intensity of the enumerated y-lines 
(per microcoulomb of the ion beam) increased sharply - in many cases by two orders 
of magnitude - when the target was of graphite. 

It is natural to assume that all the above mentioned background y-lines are 
the result of nuclear reactions of nitrogen with carbon. The appearance of exact- 
ly the same background lines in bombardment of different targets with nitrogen 


ions is apparently connected with the presence of carbon either contained in the 


target as an impurity or deposited on the target surface from the oil vapor and 
separating from the hydrocarbon compounds owing to dissociation of the compounds 
under ion bombardment. Below in Section 2 we will adduce further arguments in 


favor of this assumption. 
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Fig.1. Spectra of y-radiation emitted in bombardment 
of graphite (a) and nickel (b) targets with 15.9 Mev 
nitrogen ions. The vertical scale is laid off in 
terms of the y-ray yield normalized to 1 microcoulomb 
of the ion beam and a 10 kev analyzer channel width. 
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Fig.l shows the 7- 
ray background spectra 
emitted in bombardment of. 
carbon and nickel with 
15.9 Mev nitrogen ions. 

It will be apparent that 
the two spectra are identi- 
cal. 

Upon reduction of the 
nitrogen ion energy to 
11.25 Mev and bombardment 


' of a graphite target the 


intensity of the continu- 
ous 7-background and the 
background lines at 1.37 
and 0.59 Mev decreases, 
while the 0.51 and 0.35 
Mev lines are no longer 
apparent. Increase of the 
nitrogen ion energy leads 
to increase in the intensi— 
ty of the continuous back- 
ground and the background 
lines; concurrently, the 
relative intensity of the 
0.51 Mev line increases 
as compared with the in- 
tensity of the 0.59 Mev 
line. This is apparently 
connected with increase in 
the number of differ- 
ent decay modes of 
the compound nucleus, 
leading to formation 
of Bt-active nuclei. 
In the case of 
bombardment of tar- 
gets containing light 
elements, with in- 
crease of the nitro- 
gen ion energy there 
is a marked increase 
in the continuous Y- 
background and there 
appear additional 
background lines in 


Channel No. addition to the four 
Fig.2. Spectrum of y-radiation emitted in bombardment of identified above. 


Ni62 with quadruply charged 35 Mev nitrogen ions. 


of silicon with 25 Mev nl4 ions there is observed an additio 


Thus, for example, 
in the bombardment 
nal background y- 


line at 1.63 Mev; in the bombardment of aluminum - two new lines at 0.69 and 
0.81 Mev. With increase of the ion energy there is observed a decrease of the 


relative yield of the reactions occurring in a th 


in carbon film; apparently this 
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is a result of increase of the 
nitrogen ion range. Owing to this, 


N, coms in a number of cases in bombard- 
ment of light elements the 1.37 Mev 
ies line is effaced by the continuous 
F background. In contrast, in the 
| case of bombardment of heavy and 
2000 \% medium elements the continuous 
ee y-background increases very little 
and the intensity of the 1.37 Mev 
line greatly exceeds the background 
r intensity in this spectral region. 
20 90 20 ener No. The y-radiation spectra ob- 
tained in bombardment of Ni®2 and 
Fig.3. Spectrum of y-radiation emitted in vanadium with 35 Mev nitrogen ions 
bombardment of vanadium with quadruply are shown in Figs.2 and 3, respect- 
charged 35 Mev nitrogen ions. ively. The arrows indicate the y- 


lines associated with Coulomb ex- 
citation of nuclear levels. It will be apparent from the figures that the 1.37 
Mev line does not appear in the y-spectrum in the case of bombardment of nickel 
and vanadium. 
Investigation of Coulomb excitation of the 1.33 Mev level in ni60 proved 
to be impossible at low values of the nitrogen ion energy Ey owing to the pres- 
ence of the background line at 1.37 Mev: at Ey = 15.9 Mev the theoretical yield 


of the Coulomb excitation 1.33 Mev y-rays from Ni60 amounts to 7 counts/pucoul, 


whereas the experimentally observed "yield' of the 1.37 Mev background line equals 


300 counts/ucoul. 

On the other hand, it proved feasible to obtain quantitative data on Coulomb 
excitation of the 1.33 Mev level in Ni6° at Ey = 35 Mev in view of the fact that 
at this nitrogen ion energy the yield of gammas as a result of Coulomb excitation 
is large compared to the continuous y-background, while the 1.37 Mev line is so 


weak compared with the continuun that it cannot be discerned. 


In bombardment of carbon with 25 Mev nitrogen ions the 0.51 and 0.59 Mev back- 
ground y-lines are also virtually effaced by the continuous background. These 
lines also disappear in the continuum in the case of bombardment of other elements. 
However, in the case of light elements (for example, phosphorus) with 25 Mev nitro- 
gen ions the 0.51 Mev peak again appears. Apparently, it must be attributed to 
the formation of Bt-active nuclei. 

With increase of Ey to 35 Mev the 0.51 Mev line reappears in the y-radiation 


- from a graphite target. Its reappearance is apparently connected with increase 


in the number of modes of disintegration of the compound nucleus (A126) leading 


to the formation of Bt-active nuclei. 


In principle, in addition to reactions of nitrogen with carbon, possible 


sources of the background lines may be reactions of the nitrogen with other light 


elements present in the target as impurities. We observed y-lines associated with 
“nuclear reactions in bombarding Li, Be and B with 11.2 Mev nitrogen ions. If EN 


is increased to 25 Mev or more, background y-lines also appear in the bombardment 
of such elements as P, Al and Si. However, the admixtures of all these light ele- 


ments in our targets were so small that these background lines were virtually in- 


significant. Usually a substantial role was played only by oxygen impurity: leav- 
ing aside the cases when the target was composed of an oxide, we note that often 
even targets prepared of a pure metal contain oxygen in the form of a surface ox- 


aN 


ide film. Moreover, small amounts of various oxides are generally contained in 
separated isotopes in the metallic state. 
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In all cases of bombardment of targets containing oxygen with nitrogen ions 
we observed intense background lines at 0.51 and 1.78 Mev. In addition,we ob- 
served an increase in the intensity of the 0.59 and 1.37 Mev lines. With increase: 
of Ey from 15 to 40 Mev in bombarding targets containing oxygen the intensity of 
the 1.78 Mev line increases appreciably more rapidly than the intensity of the 
background 1.37 Mev line associated with the reaction of nitrogen with carbon. 


2. Background y-radiation in experiments with cl2, 016, Ne20 & Ne22 ions 


Investigation of the background y-radiation spectra in cases of bombardment 
of targets consisting of Z> 11 elements with cl2, 01s | Ne20 and Ne22 ions showed 
that the character of the background y-spectrum remains essentially the same in 
bombardment of different targets with ions of the same type. In all cases the 
intensity of the background lines increased in the case of bombardment of graphite: 
by a factor of 10 to 100 compared with the intensity of these lines in bombard- 
ment of targets of other elements. This fact, together with the experimental re- 
sults for nitrogen ions noted above, lends support to our hypothesis that the 
background y-lines observed in bombardment of different targets are due to nucleart 
reactions of the bombarding ions with impurity carbon nuclei. 

It must be noted, however, that another explanation may be suggested. We 
have in mind here either pick-off of a neutron or proton by the incident nitro- 
gen nucleus or, on the contrary, transfer of a nucleon from the nitrogen nucleus 
to a target nucleus. In such cases, regardless of the composition of the target, 
there must be obtained the same nuclei4,5, for example, N13. The formation of B- 
active N13 nuclei was established from the decay period and the maximum B-particle: 
energy. It should be noted that in a number of cases (including that of N13) the 
excited states of the nuclei forming from N14 by reactions of the indicated type 
have not been exhaustively studied so that we do not know precisely what y-lines 
are comprised in the de-excitation spectra of these states. Hence the background 
y-lines observed by us in bombardment of different targets with nitrogen ions 
could be explained by de-excitation of N13 or other nuclei formed initially in an 
excited state by pick-off or transfer reactions. 

In order to ascertain the origin of the background lines we irradiated a tar- 
get containing oxygen (a PbO target) with 13.6 Mev carbon ions. In this case ther: 
was observed a 1.4 Mev line (due to the C + 0 reaction) and a 1.63 Mev line; the 
latter is present in all y-spectra emitted in bombardment of different elements 
by C ions. If this line appears as a result of a C + C reaction, i.e., is associ- 
ated with carbon impurities in the target, it should not be present in the y-ray 
spectrum emitted in bombardment of a carbon target with oxygen ions inasmuch as 
in the 0 + C reaction there is obtained the 1.37 line but not the 1.63 Mev line. 
On the other hand, if in bombardment of PbO with carbon ions the 1.63 Mev line is 
obtained owing to reaction with oxygen nuclei, it should be observed in the 7- 
radiation emitted in bombardment of carbon by oxygen. 

We therefore carried out an experiment in which a graphite target was bom- 
barded with oxygen ions. The ion energy (18.1 Mev) was chosen so that the col- 
lision energy in this case would be equal to the collision energy in bombardment 
of oxygen with 13.6 Mev C12 ions. In this case the yield of 1.63 Mev y-rays re- 
ferred to 1 microcoulomb of current incident on the target should be the same in 
the Ct + 0 and 0+ + C reactions, but since the oxygen content in PbO is small, the 
observed 1.63 Mev y-rays yield in bombardment of C with O+ must greatly exceed 
the yield of these y-rays in bombardment of PbO with Ct. Our experiments showed 
however, that the 1.63 Mev line is not observed in bombardment of C with Oot donsé 

Thus for the case of C+ + 0 we showed that the background 1.63 Mev line ap- 
pears as a result of reaction with impurity carbon nuclei and not owing to a 


‘i 
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; pick-off or nucleon transfer reaction. There 
Bombarding 


Deere. By, Mev eS HORI e to assume that in the other cases, 
i.e., in the case of reactions induced by 
nce Energy, |Reaction Reaction nitrogen and oxygen ions, the observed back- 
Mev with C} with O ground lines appear as a result of reaction 
| ame ier CS 7 : of the bombarding ions with impurity carbon 
C12 | 13,6 oes 0,51 nuclei. 
| Be | “ate Making use of the experimental data on 
hiaehasugeeig| "0°35 0°54 the yield of 1.37 Mev y-rays in bombardment 
| et | oe of a thick graphite target with 11 to 25 Mev 
ae eralic nitrogen ions and the calculated values of 
| a. 4,78 (very dE/dR for stopping of these ions in carbon®, 
tne aes intense) we evaluated the effective thickness of a 
iia cutee WS | | carbon film that could account for the yield 
his a es I) | 0,69 of gammas observed for different targets. 
Ber hethsS1  <* a Thus in the Ey range from 11 to 25 Mev th 
N g rom ev e 
are ese we ms me mm effective average thickness was found to ex- 
*In bombardment of a graphite tend from 0.04 to 0.012 iu. 
target with 27.8 Mev Ne20 ions The energies of the y-rays emitted in 
there is observed a large number bombardment of carbon and oxygen with differ- 
of background y-lines; their in- ent ions are listed in the accompanying table. 
tensity is low compared with that 
of the continuous background. 3. Regarding the origin of the 
**kKNo background lines of notice- background lines 


able intensity are observed. 
Most experimental investigations of the 


‘reactions of multicharged ions with different elements have been carried out by 


detecting the particles emitted by the B- or Q-active reaction products. There 
are virtually no data in the literature on the y-radiations emitted in bombard- 
ment of different elements with multicharged ions. Identification of the reac- 
tion products on the basis of the 7-rays emitted during bombardment is hampered 


by the fact that part of the y-radiation is not associated with the formation of 


the radioactive reaction products. As a rule, the lifetimes of the excited states 
are short, and moreover, not known. Hence identification of the reaction products 
by measuring the lifetime is not feasible. Making A and Z assignments for the re- 
action products is also hampered by the fact that in reactions with multicharged 
ions there are generally many modes by which the compound nucleus may disintegrate. 
With a view to clarifying the origin of the observed background lines we drew 
up an energy balance for all imaginable reactions of carbon, nitrogen and oxygen 


dons with carbon, differing from each other as regards their products. The neces- 


sary mass values were taken from Endt & Braams‘. 
The following six reactions were found to be possible from the energy stand- 
point for carbon ions with Elab = 13.6 Mev: 


C +C = Mg24 + 20.8 Mev (1) 
C+C = Mg23 + n+ 4.2 Mev (2) 
C +C = Na23 + p + 3.0 Mev (3) 
C +C = Ne20 + q+ 11.4 Mev (4) 
Cc +C = 016 + 24 + 6.7 Mev (5) 
C+#C=C+C' + 6.8 Mev (6) 


The Q-value for reaction (1) is very high and hence disintegration of the 


compound nucleus by emission of a charged particle is far more probable than by 
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emission of a y-ray. The first excited levels of 016 forming by reaction (5) 
have energies of 6.06 and 6.13 Mev; inasmuch as Q for reaction (5) equals 6.7 
Mev, this reaction cannot explain the observed background y-line spectrum. Re- 
action (6) involving inelastic scattering of the C ions with formation of a com- 
pound nucleus is far less probable than the other reactions. Thus it must be as- 
sumed that the background y-lines are formed primarily by reactions (2) Fe @yieand 
(4). Actually, formation of the Bt-active Mg23 nucleus (T = 10.7 sec) by reaction! 
(2) serves to explain the appearance of the 0.51 Mev line, while formation of Na23! 
by reaction (3) can explain the appearance of the 0.44 and 1.63 Mev background 
lines (it is known that the first excited levels of Na23 have energies of 0.44 
and 2.07 Mev and that de-excitation of the 2.07 Mev level occurs by emission of 
cascade 1.65 Mev y-rays). 

The appearance of the 1.63 Mev y-line can also be explained by reaction (4); 
the first excited level of Ne®9 has an energy of 1.63 Mev. As noted above, how- 
ever, y-rays of this energy may also be observed as a result of reaction (3) in- 
cident to de-excitation of the second excited level of Na23, 

Similar analysis shows~that in the case of bombardment of carbon with 15.9 
Mev nitrogen ions there may occur 14 different reactions. In view of the known 
data on the decay schemes and excited levels of the product nuclei, in this case 
the 1.37 Mev y-line can be explained by occurrence of the N+C= Mg24 + dQ re- 
action. 

Also possible from the energy standpoint is the N+Ce= Na24 + 2p reaction; 
the compound nucleus Na24 may decay by emission of B-rays to the first excited 
level of Mg24 with AE = 1.37 Mev. However, measurements of the B-activity (by 
means of a G-M counter) of a graphite target after bombardment with nitrogen ions 
showed that there was no significant amount of Na24 activity present. 

The 0.35 Mev A-rays are apparently emitted in de-excitation of the first ex- 
cited level of Ne21 forming by the N + C = Ne2l + q+ p reaction, while the 0.59 
Mev y-rays are apparently emitted in disintegration of Na22 forming by the N + 
+ C = Na?2 + q@ reaction. 

One can list a number of reactions leading to the formation of Bt-active 
nuclei as a result of bombardment of carbon with nitrogen ions and thereby ex- 
plain the appearance of the 0.51 Mev y-lines in the background spectra. 

The 1.78 Mev line observed in bombardment of oxygen-containing targets with 
nitrogen ions can be explained by any one of the following reactions: 


N + 0 = A128 + 2p 
N+ Os Si289 4n4p 


The energy of the first excited level of Si28 is 1.78 Mev and its de-excita- 
tion explains the appearance of the 1.78 Mev line. Al2° ana p2s disintegrate by 
Bt- and B--decay to excited levels of $i28, 

In-our experiments we observed increase in the intensity of the 1.78 Mev Ace 
line with a period of ~2 min after termination of bombardment of oxygen with nitro- 
ei ions ane lifetime of Al28 is 2.3 min). Evaluations indicate, however, that . 

e experimentally observed yield of 1.78 M - 
Se arenp As eee eee ev y-rays cannot be explained solely 


4. Background Yy-lines and investigation of Coulomb excitation 


Our detailed experimental data on the energies and intensities of the back- 
ground y~lines enabled us to evaluate the possibility of investigating Coulomb 
excitation of nuclear levels under different experimental conditions. 
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In experiments® with Q-particles we notec the absence of the 562 and 590 kev 
y-lines which we earlier! attributed to Coulomb excitation of levels in In and Mn*. 

In view of the present results we can readily see that the misleading obser- 
vation of these lines in the experiments with '-“ ions was due to the presence of 
the 590 kev background y-line appearing as a result of reaction of the nitrogen 
ions with carbon, 

In view of the fact that in bombardment of a given target with different 
particles there appear different (rather than the same) background lines, we have 
the possibility of investigating different sections of the spectra free of back- 
ground lines by varying the type of bombarding ions. 

In some cases the yield of y-rays associated with Coulomb excitation is much 
greater than the background y-yield. Inasmuch as the intensity of interfering 
background y-lines can be evaluated approximately from the intensity of other 
background y-lines in the same spectrum, the Coulomb excitation yield can be eval- 
uated with fair accuracy by subtracting the interfering background line. Such 
eases occurred, for example, in our investigations of Coulomb excitation of Mg24 
(Ref.9) and Sc#5(Ref.10). 


We take this opportunity to thank A.B.Girshin, Chief of the Operational Group, 
for assistance in the work. 
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PARITY NONCONSERVATION IN B-DECAY OF Rak 
- B.V.Geshkenbein, S.A.Nemirovskaya & A.P.Rudik 


The B-decay of RaE has taken on new interest in connection with parity non- 
conservation in weak interactions. The shape of the RaE B-spectrum is far from 
the Fermi typel; yet the 1- —» 0+ B-transition is a first forbidden Coulomb trans- 
ition in a heavy nucleus and should, presumably, give a Fermi spectrum. Several 
authors2-4 have attempted to explain the unusual shape of this spectrum. The 
point is that the matrix elements for B-decay in RaE are such that the principal 
terms cancel, and the remaining terms give the energy dependence of the shape. 

To obtain the requisite shape, one must take account of the change of the elec- 
tron wave function inside the nucleus. 

Lewis? and Fujita et al§ have pointed out that the principal terms fail to 
cancel if time-reversal invariance is violated. Thus analysis of the RaE B-spec- 
trum shows that there is no major violation of time-reversal invariance. If one 
assumes that failure of time-reversal invariance for A and V interaction is due 
to the complex character of the axial coupling constant, Gy=g, and Ga =g,(1+7F) 
(where &,,8, and F are real), agreement between the theoretical and experimental 
shapes of the spectrum requires that F?< 6.10%. For S and T interaction time- 
reversal invariance fails when the scalar coupling constant is complex: Gs = 
= &5(1-+ iF), and G;=g, (where g., g, and F# are real). For the experimental 
and theoretical spectra to match, it is then necessary that F*< 10. Let us 
see why theory and experiment disagree if F* is large (of the order of unity). 
The correction factor C in the case of no time-reversal invariance can be written 
in the form 


C(W) = C,(W) + F°C, (W). 


We have given expressions for C, and AC, elsewhere®; it turns out that AC, 
is an increasing function of energy. The experimentally determined correction 
factor is found to be a strongly decreasing function of energy. 

The required experimental energy dependence can be obtained only by means 
of strong interference in C,, which then becomes roughly two orders of magnitude 
smaller than its leading terms. No cancellation can take place in the AC tern, 
which is then of the order of the largest terms in C(,, It is therefore necessary 
that F?< 10°. 

A spectrum of the Fermi shape in a first forbidden Coulomb transition im- 
plies that the electron polarization is —v/c. Since the RaE spectrum is of a 
significantly different shape, one may expect the emitted electrons to have polar- 
ization differing strongly from —v/c. 

Using the methods of Refs.4 & 7,we derived expressions for the polarization 
and angular distribution of the B-electrons from RaE, taking into account viola- 
tion of space and time-reversal invariance. The nutrino is treated as a two- 
component particle. 


Polarization of the B-electrons from RaE 


We write the polarization of the RaE B-electrons in the form 


65750 Di 
—vij/e Cc” 
D=D,.+ F?D,4+ FD,; (1) 


C=C,4+ FC; 
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here D,, D, and D, are tabulated functions that are dependent on the electron 
energy and matrix-element ratios 


o> igy | r/g,\ (orl, 


y = sy \a/e,\ [or 
for A and V interaction, and 


x= ig,\ Br /g, or), 
y =\bx/{ B for] 


for S and T interaction. We have given the expressions for D,, D, and D, in our 
previous work8, We note that the polarization depends strongly not only on the 
absolute value, but also on the sign of F. 


In performing the calculations, we took F? = 0, 3-10-% and 6-10-* for A and 
V interaction and F?=0, 3-10-3, 6-10 and 10-? for S and T interaction. 
For a given F2 the values of x and y were 


Table 1 chosen to give satisfactory agreement between 
Values of —b,/C for A and V the experimental and theoretical shapes of the 
interaction with F = 0 spectrum. Such values of wv and y lie along a 
Cee eee eT ee a s 
certain curve. Tables of <o>/(—v/c) are given in 
x y |W =1,2/W =1,8)W =2,4)1V =3,0 Ref.8; here we present only the basic results 
of the calculations. 
0,2 | 19,85| 0,40 | 0,58 | 0,59 | 0,50 In the case of time-reversal invariance, 
0,5 | 24,6 | 0,37 | 0,59 | 0,66 | 0,66 for all possible interactions and for all values 
4 32,35] 0,34 | 0,57 | 0,74 | 0,79 of z and y on the above-mentioned curve, 
feos | 31 0,29 | 0,54 | 0,72 | 0,82 
4,7 | 42,95} 0,24 | 0,47 | 0,67 | 0,77 <0) 
2’ | 47.3 | 0,14 | 0,38 | 0,59 | 0,67 (2) <0.83. In the case of V and A interac- 
4 max 
s tion, we also have a lower bound: ( S92 ) > 0.54. 
4 —vyje /min 
Table 2 
Values of —5,/C for A and V interaction for different F 
W =1,2 W =1,8 W =2,4 W =3,0 
F?2 x 7] ——s 2 ee aan 
F<0| F>0| F<0| F>0| F<0| F>0 r<o[r>o 
0.2 | 19,4 | 0,47 | 0,27 0,68 | 0,42 | 0,78 | 0,40 0,87 | 0,34 
3-40-3| 1,3 | 36,55] 0,28 | 0,18 0,49 | 0,45 | 0,60 | 0,68 0,58 | 0,85 
1,9 | 45,76) 0,22 0,13 | 0,41 | 0,41 0,53 | 0,68 | 0,50 | 0,86 
One ets 0,44 | 0,33 | 0,64 0,48 | 0,69 | 0,45 0,70 | 0,382 
6-10-3| 1,3 | 36,25] 0,28 0,22 | 0,514 | 0,48 0,64 | 0,69 | 0,66 0,84 
4.7 | 42,4 | 0,20 | 0,45 | 0,41 | 0,42 | 0,96 0,68 | 0,58 | 0,84 
For time-reversal invariance, 7 can pe found from the polarization of the 
pe = 
electrons. The measurements of Alikhanov et al, namely, <= 0.733 + 0.06 


Send 0.725 + 0.06 (or an average of 0.73 + 0.04) for B energies Exjyn = 125 and 
380 kev)* give 7= 1.5 + 0.5 for A and V interaction, and z = 0.8 + 0.4 for S 


7 ees 


: * ~! 


= 140, 250, 390 and 600 kev are 0.672 


*The latest (unpublished) values of SS found by these authors -for Eyin = 


+ 0.029, 0.720 + 0.041, 0.725 + 0.06 and 
0.750 + 0,051, respectively. 
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Table 3 and T interaction. 
Values of —6,/C for S and T For the case of violation of time-reversal 
interaction with F = 0 invariance the same experimental data lead to 
a a SN ea Sn aeT aT” ET the following results: for V and A interaction 


a y |W =1,2|W =1,8 


W anal a0 when /*2—6.107 and 3.1073 , the experimentally 
observed polarization of the electrons in B-decay 
of RaE eliminates the possibility that # <0. 


O,2 |) JS.e | -@ 0,00 170,18 10,00 For / +0 theory and experiment agree for GB FAO). 72 
0,4 | 22,4 | 0,24 | 0,34] 0,37 | 0,80 (with #?= 6-10) or o=0.7 (with F?=3-10%). 

i ase ae 0°57 0°74 0.79 For S and T interaction, f#%=107% is elimin- 
1,2 | 35,6 | 0,33 | 0,09 Ae Woe ated on the basis of polarization, though it is 
3,0 64,8 | 0,37 | 0,69 8 ; i 

5.5 | 104 0/36 | 0,69 | 0,89 | 0,93 permitted when one compares the shapes of the 


theoretical and experimental spectra. With 
F?=6-10% and 3-10 , experiment excludes F < 0, 
while for />0O agreement is obtained for both of the values of / whenz~1.?7. 


Angular distribution of B-electrons from polarized RaE nuclei 


The angular distribution of B-electrons from polarized RaE nuclei is of the 
form 


I (6) d6 = Jo-—s(1—Fe)o + bizcos6 + (1— z p) bcos? | sin 646, (2) 


| 


where @ is the angle between n;, the polarization vector of the nuclei, and the 
direction of motion n of the electron, and yw and pv? are the mean values of the 


nj;-component of the nuclear spin and its square. In unpolarized nuclei » = O and 


pe = 2/3. The expression for C was given in Ref.8. Very cumbersome expressions 
are obtained for } and §, (see Appendix). These quantities depend not only on 
the absolute value of F but also on its sign. The asymmetry coefficient « is 
given by 
-10/2 Tv 
2| 1 (0) do— i 1 (0) a0 
0 


o —7/2 


Il 
I 
aye 
te || 


§ 1 (0) ao 
0 


(3) 


The possible values of b,/C consistent with the shape of the RaE B-spectrum 
are given in Tables 1-4. The possible values of 6/C, for A and V interaction 
assuming time-reversal invariance, are listed in Table 5. 


Table 4 
Values of —b,/C for S and T interaction for different F 


W =1,2 W =1,8 W =2,4 | W =3,0 
F? x uy 

RO) PES" 0) F< 10) (oR 0 F<ol F>0 r<o|F>o 

3-40-38} 1,2 | 35,00] 0,32 | 0,26 | 0,54 | 0,54 | 0,64 | 0.72 | 0.62 | 0.87 
3,0 | 6.,65] 0,32 | 0,29 | 0,54 | 0/6z | 0,60 | 0790 | 0,46 | 1.06 

6-10-38} 41,2 | 34,66] 0,32 | 0,:3 | 0,51 | 0,541 0,59 | 0,72 | 0.54 | 0.8 
2,0 | 47,20) 0,34 | 0,28 | 0,55 | 0,65 | 0,62 | 0.87] 0754 1°00 
10-10-3| 0,4 | 21,94] 0,23 -| 0,04 | 0,32 | 0,44 | 0,371 0,12 | 0.38 | 0.05 
0,8 | 47,96] 0,28 | 0,12 | 0:43 | 0:33 | 0750 | 0249 | 0°48 | 0°60 
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Table 5 In conclusion, we derive the 
Values of —-b/C for A and V interaction relations between , and u2 assum- 
with F = 0 ing that equilibrium has been estab- 
lished in the spin states of the 
x | y Wie | WaHes i) WS2e | WwW =a RaE nuclei in the magnetic field. 
Let ©,, © and , be the probabili- 
0,2 19,85 0,03 0.44 0.28 0,52 ties that the Much eae yep. compon- 
nyse | 32.6 0 ey oie eeee Ge 20. 10 ents along the magnetic field are 
.S 3280 me mee —0,36 | —0,58 1, O and -1, respectively. Assum- 
: 3 POned 0.237 kOe #0, 64 : ; ; ‘ 
"7 he 95 —0'05 | —0727 0°47 0°49 ing a Boltzmann distribution for 
2 47,3 aX) 05 te 0.5 | 088 |) 0.18 these probabilities, we find that 


they are related according to 


@,0_1 = @?. (4) 
The sum of the probabilities must be unity: 
@ 1 -— Wp —- ©_, = 1. (5) 
Further, rn = 0) — 0.1, 
ue == 10} ap Lac (6) 


From Eqs. (4), (5) and (6), we find that wand u? are related by 


3 (u2)* — 8u? + (4)? + 4= 0. (7) 


When one can achieve high polarization with 4 > 0.7 (for small values of 


we have 1 —*/)u7 > — > in)? <1), the cos?@ term in the angular distribution becomes 
significant. Hence, assuming the model to be correct, this term can be used to 
‘find u2, and then the polarization yu can be obtained from Gar 

In conclusion the authors express their sincere gratitude to A.I,Alikhanov, 
who suggested the present work, for many stimulating conversations, and to B.1L. 


“Ioffe and V.A.Lyubimov for discussion of the results. 


APPENDIX 
. Formulas for 6b and 0; 
7 For V and A interaction we have 
b= 5 + Ab; (Al) 
Z po) = 80z— 1) Ty -+3(2y—F — Agar 4 4 qx—F4)X (A2) 


Ai ee Cine L_»)" cos (8-1 — 82) — 
; SR en Ue —T._.)" cos (8; — 6_2}] + 
A +3 G SS fees) | n— M.,)" (Ig — Ls)" 008 (81 — 8.) — 
__ (Mi, + May" (En + £2)" 008 (81 — )1: 


= toa So a Me ES a 
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Ab = F? S Ly — 59 [(Li— L_1)" (EL, + E_,) cos (81 — 82) — (A3) 
a (L, ae (opah (La Tt Jee We cos (6; — 8_s)] — 
— 3 [(, —M_.)" (E2 —T_2)" 008 (8) — 8_4) — 
SUPT Sy" (IE) (00s (ee 
3 1 ONE ere ma en ae 
— SF \(y + 59x) (Es —La)* Ey + Ls)" sin (6.1 — 82) — 
— (hy +L 4)" (Lig — 1.) isin'(Ss 8 yy) eon (Ce eee 
x sin (6.1 —8_»)—(M, + M4)" (Ly + L_.)"sin (81 —83))}; 
bp Abs (A4) 
1 1 2 2 2 th A5 
0 ={[5ae—y—pet say (e—1)| (I-E+ (AS) 
4 = = wa —— sag ep 
+ (e+ 1) [y— 54a (e—1)] (2, — La)" (hy — Ma)” + 
+ (Ly + La)? (Mi, + Mi)" — 
— (e+ 1)° (Mi — M3)" sin (8.4 — 8)“ >" (3.8) sin (8p — 8s) + 
4 1 “A A oy te = if = — wy. 
+(—ye+ sy—z e+ F908 Fa) (L, — Ly)" (Ep LE. 4)"sin (8 -— 8.2) + 
+ (Ly + £4)" (Lp + Ls)” sin (8, — 8,)] + 
2 1 2 Ti a Tis Ea W a lf lea: 
+(2° + +2— 5) (L2—L_)* y+ M_,)"*8in (8.1 — 8.4) + 
= (Ly “ie Hi. Be (My — M_,)" sin (6, — 6)]; 
4 = =. 1 
Ab, =FPl—a¢ (haieak Hs (a6) 


+ 3 (L£,—L_)"(M, — M4)" + £ (0,4 £4)" (Mi, + M)* — 

— (Mi —M?,)*| sin (84-3) — 

SEE RYO Si Ibs ee = ew. (Le es Try 
—(E2— Ls)" (My + M4)" | sin (8, —8 4) + 

+3[59Es + Bay" (Cs +L) — Cy + Ls)" (M1, — M1)" sin 6, a9} + 
+F {(y—$ qx) (E+ £4)" (My + Wy" — 

— (£, — £4)" (M1, — M_,)'") cos (8_, — 8,) — 

— [y+ 392) G.—L)" C.-L)" — 32 (Ey — Ls)" (Mh, + W)"] x 
xeo8 (81 —8.)—3[(y+ 592) G+ Ly" G+ Ly 
— 82 (Ly + Es)" (M1, — MT4)"*| cos (8, — 3.) . 


For S and T interaction the formulas for )® and 0 are given by Eqs. (A2) 
and (A5) with the sign of q changed. 
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For S and T interaction Aj and Ad, are given by 


= 4 = So yes 
Ab = Fz? {E2+ 3 91(E,—L) Be ie cog (5 0, (A7) 
“2 — (Ey, + £4)" (Ly —E._4)* cos (8; —3.,)] + 
+ (Mj, — M_,)" (E,— L_4)"* cos (8, — 8.2) — (My, + M1)" (Ey + B,J" 
4 =: — 
X cos (8_1 — 5,)| Ss etuee \(y— = q) [(Z;—L_,) "(Ly + Un) 2 


Xsin (81— 62)— (Ly + 2 4)"(L,— B.)"*sin (8; —3.,)J+ 
+5 [0f,—M_,)*(L,—L_,) sin (5, —8.,)— 
—(M,+ M_,)"(£,+ £.) "sin (3_,— IE 
Ab, = Fx? {| >-q (Li —L)"* (0, — M_)” + (Ag) 
+4 (E, + £4)" (0, + Wy" 
—(M? —M2,)*) sin (8, — pits = Vani eee 


+|(Z,—E.»)”* (Mf, —M_,)* — 
( 


a Bi 
S 


Ty + Ls)" (My —M4)"— 
ele 2)"*] sin (8, — 8,)} 
+ Fa{(y—5a)| (LZ, + £2)" (M1, + M4)" — 
— (Ly — £4)" (tf, — M1)" Joos (8 -—8,) +|(y—g9)(Zi — La)" 3)" 
— $C, —Ls)" (i, + M)"*] 0081-8.) + 
+ [(y— 5a) (Zr + La)” (Ze + Es)" — 
— > (LZ, + Ls)" (Wi — M1)"") cos (61 —6.)}. 


The definition of L,, L4,, M,, M,,L, and L, will be found in Ref.8. 
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POLARIZATION OF INTERNAL CONVERSION ELECTRONS FOLLOWING B-DECAY 


- B.V. Geshkenbein 


Because parity is not conserved in B-decay, the residual nucleus will be 
polarized in the direction of the emitted electron. We assume that the parent 
nucleus is unpolarized and the direction of the nutrino is not recorded. If, 
then, internal conversion takes place after the B-decay, the conversion electrons 
should have a definite polarization. - 

The general expression for the polarization vector (o>) of the conversion 
electron in the cases of an allowed transition and a first forbidden Coulomb 
transition should be of the form 


<3) = a(vn)n + b(v — (vn) n). | (1) 


Here a and J} are constants depending on the nuclear spins, which we calle 
before B-decay, /, after B-decay, and /, after internal conversion, on the multi- 
pole order /, and type of the radiation (magnetic or electric), and on the energy 
® of the transition; v is the electron velocity, and nis the unit vector in the 
direction of emission of the conversion electron. We are using the system of 


units in which ;=c=1 


Magnetic transitions 


In a pure magnetic transition the polarization of the conversion electrons 
is characterized by the following expressions: + 


h 
where peeled 


Aye 


ACs V27 +1 piioe 3) Ep ig(i 1) Ia Ua +1), 


2i+t VAtFT ) FFHN +N +1) —b(k+1) QO 
—<— = oh SS 
4j+1 V6 4 


2 Ac Aa), 5 — (Art Ae) (2) 


a eee 
vA ; vA 5 


oat i | ax, |? (272+ 1) (CH; Io)” [W (Is joly iPieme (Wi lie 
ies 


je—jstj1—li— 2 


(—1) x 


VEG i ee 
Jer Usage. = Ip 
X de, de, (2/2 + 1) (2is + 1) (Ci; 10)? W (la fat fas "a 1) X 


x W (isjaluts; Vol) W Uytala; 171) Usa "ealar Ribas 


ff 


apt V5 


s 


hV7iG +1) 


\ . 1 Je—Jat let jr li— 9. * 
XK (—1) "Ax, a ed 
ja, le, Js, Us 


XV (al, +l) CRN Rye 1) ee re ro Ce io CHa 


xW (ana ihe | oJ) W (ists nhs wi al) W (JsJ2*/22/23 Its) x 


x W (Ief22 9/2; 1/2l3) W (f7feJ3; 171). we 


Here the (*Y are Clebsch-Gordan coeffi if 
ee icients, W (abcd; c/) are Racah coeffi- 
cients; the electrons in the shell on which conversion takes bate have quantum 


numbers j,, l,, l’ =2j—1, 


x=(l—l')(7+"/2); a is a coefficient giving the angular 


distribution of the B-electrons in the decay of a nucleus with spin /, to a nu- 


cleus with spin /; 
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aa , 
ee ee 


eel) Pie ng) Ca 2), 


oy i ; : 
x, is the Coulomb phase shift C3 (l,—1)as Z-—0), and R,,, and R,, are radial 


integrals, which are defined in Ref.1l. 


For conversion on the K shell or on any shell for which /,=0, ;,=1/, and 
xo ——1, we have ae F 


Pees i) Tales es Eeridee1) See 
eee Ee +VIGF Rew’ (~— (wn) m)| (4) 
and 
ree ete aga i 
(a) FO To 
where 


= is_j_ (0) 3 j 
= (fy + ce) ena 5 Vita = (Rh, + Re) ae ehh 


Explicit expressions for 
ie A 3 (Oe 


4 can be obtained in two limiting cases: 
All the radial integrals are taken in explicit form; we obtain 


(6) 


which agrees with the work of Berestetskii and Rudik. 2 
2. Z is large, and the energy of the emitted conversion electron is low, so 


ehaton! 


mZe In this case 


<1 (where p is the momentum of the conversion electron). 


we have 7) 


P< |TO,| and we obtain 


mo = / 
'K jek (7) 


In Table 1 we give values of ae for Z = 80 calculated on the basis of values 
for the radial integrals kindly provided by L.S.Sliv. 

We remark that in the two lim- 
its dealt with above, the same re- 
sults are obtained for conversion 


_ ‘Table 1 
Values of 7x!) for Z = 80 


(0) on the Lz shell and the K shell. 
se For conversion on the Lyyz shell 
@/ 2 2 rn 
fm qe = j=3 the electron polarization is given 
by Eq. (4) with 7? replaced by mae 
0,2 7k 0,82-40,02 i 0,8640,017 A formula for Woe was given in Ref. 
0,25 0,73--0,02i | 0,80+0,04i 0 ,84-+0,021 il 
0,3 0'71-0,02i | 0,7940,05% | 0,82+0,03% 
0,35 0'740,03i | 0,77-+0,06i | 0,81+0,04i Wa thgtheaidvoteimownyy elucs 
0,5 0, 68—0,03 i 0,72+0,07: 0,76+0,05i for the radial integrals and phase 
0,7 0765—0,04i | 0,68—0,08i | 0,72+0,061 shifts, we calculated ney, for Z = 
n 0'62-0,04i | 0,63+0,09% | 0,67-+-0,06: cata eey aaeer a 
1,5 0°56—0.02i | 0,58+0,41¢ | 0,64+0,077 = 57, 65, an. at transition 


J= ike 


ranges, and may be consi 
the fact that the transverse po 
large in absolute value, 


ization of the K and Ly shell electrons. 


energies /m from 0.1 to 0.7, with 


It was found that ny depends only weakly on both w/m and Z in these 
dered constant and equal to 
larization of the electrons from the Lyz shell is 
and that its sign is opposite from that for the polar- 


-0.52. We call attention to 
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Electric transitions 


In electric transitions the polarization of the conversion electrons is 
given by 
<s> =a(vn)n+ b(v— (vn)n), 
1 Milas 


where B, B, and B, are obtained from 4, A, and A,, respectively, by making the 
substitutions /,-+/, and 


TGS DF apne HW by mn By, (a Mie eer? a ets R |. 
En a es V/ ae Gee D, [Ry + Re—(1+ 3 \Roo (1 ) : 


R,, R,, R,; and Rs are radial integrals.1) 
"The polarization of K conversion electrons is given by an expression obtain- 
ed from (4) by replacing 72 by 7, namely, 


K» 
=< Va ta TY (s 
bated? Te 
Here TU oe: (Rae Ree eRe. ee al 
To = (Rs + Re os R,—~Ry)_e ; 


In the free-electron approximation, the radial integrals can be calculated 
explicitly; then yy is given by the expression? 


(1) en ee 4 2€ 10 
"ik os } 7+1e—m’ (10) 


where «, is the conversion electron energy. 
For large Z the radial inte- 


Table 2 grals cannot be obtained explicitly, 
Values of a(t) for Z = 80 and numerical methods are required. 
) In Table 2 we give values of 
"K yy for Z = 80, calculated on the 
ae ge; a j=3 basis of the radial integral values 
communicated by L.A.Sliv. 
0,2 3,98+3,50i | 2,01+0,06i Ata As will be evident from a conm- 
0,25 3,64-+2,34i 1,740,03 i 1,03—0,0l¢ parison of Table 2 with Eq.(10), the 
0°35 | Sorsi’ie: | 1.372003; | o's3c0'03; electric field has a significant 
0,5 2,3410,514i 1,04—0,09 i 0,63—0,05 i effect on the polarization of the 
oF LBS al Pe ee ee Near conversion electrons in the case 
1,5 4,07—-0,07 i 0400719 i 0.17—0,12i Of electric transitions as well; 


it will be seen that it even changes 


the sign of the transverse component 
of the polarization. Since this transverse component is negative for Z = 0 and 


positive for Z = 80, there must be some intermediate value of Z for which the 
polarization goes to zero. 


Table 3 gives the values of * 
"Dy 
re ees 


which determine the transverse polarization of L 


I shell electrons. The imaginary 
part of nr} is small compared with its real part. 


RRS 


Table 4 


for j = 2 


(1) 
Dry, 


Values of 7 


@/m 


Oa 
0,23-40,16 i 
0'28-40,17 i 
033-0, 18 i 
0.37+0,19 i 


0,5 
0,25-40,19i 
0,30+0,19 i 
036-40, 20: 
0.4140, 20i 


0,4 


0,28+0,191 
0,34+0,20i 
0,39+0,217 
0,46+0,211 


0,3 
0,33-L0, 20i 
0,37-40, 22 i 
0.4340, 23 i 
0,50-10,22 i 


0,2 
0,38-+0,23 i 
0,43-+40,23 i 
0,47-40, 26 i 
0,56-+0,25 i 


| 
| 


0315 
0,41-+40,26i 
0,47-40,25 i 
0,55-40,26 i 
0,62+40,25 i 


0,4 
0,43-+40,29 i 
0,5440,28i 
0)64-+40,26 i 
0,71-+0,24i 
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an Table 3 
Values of @2 
1+ | op 
a 

@/m 

Zz 
0,1 0,45 0,2 0,3 0,4 0,5 0,7 

ay Von EOF 07 | Ra040 0139 0.46" | 049 1 220.28 
o7 0,001) 0,03) |e —0,06 | —0,12)| —0,45. | —0,20 | —0,26 
69 0,47 0,10 0,02 | —0,08 | —0,14 | —0,15 | —0,25 
73 0,40 0,3 0,16 0,00 | —0,04 | —0,14 | —0,25 
81 | —0,28 0,43 0,48 0,16 0,01 | —0,10 | —0,20 


It is seen from Table 3 that the electric field has 
a significant effect on the polarization of Ly conver- 
sion electrons, especially at low energies. 

The values of nL, which give the polarization of 
electrons ejected from the Lyy shell, for j = 2, are 
presented in Table 4. 


Mixed magnetic and electric transitions 


Because there is a preferred direction (the direc- 
tion of emission of the B-electron), there may be inter- 
ference between electric and magnetic multipoles involved 
in a conversion transition. Let the multipole order of 
the magnetic radiation be / and that of the electric be 
yj. The matrix element for the conversion process is of 
the form3 


MM = (Isms | Qi Forma) (Bor + Lam Bp | Zama) (BY); AD 


the nuclear matrix elements can be written in the form 


(Lamy | Qfar | Tamm) = OPCiimisja- (12) 

Inserting (12) into (11) and writing 5—@'/@Q{, we 
obtain 

Mm = Che as (BSt1) a+ SC im jm (BYM)o1 (13) 
(where we have dropped irrelevant common factors). We 
remark that 3 may be considered positive, and that °° 
is the E to M branching ratio. 

If we know the matrix element (13), we obtain an 
expression of the form of (1) for the polarization of 
the conversion electrons when there is interference be- 
tween magnetic and electric transitions (analogously to 
the case of pure transitions). In this expression 


4 
Sets” 
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4 


b= 


(mag + &bc1t- ind) (14) 


5 (1) 7», (0)*/2 
here dmag, Ymag, @el and be, are given by Eqs.(2) and (8), 8 = 6(a;7'/a;) _and o(1) 
and «”’ are the conversion coefficients for electric and magnetic radiation. The 
interference terms ajp+ and );,, are given by 


1 ; 
aint vy AB (Cy wx 2C 2); 
4 (15) 
‘inane eo pV AB (Cy C2); 


where 


epee +1 fs (—— A) BW GF le ele 
eoeiaye Sa) Sig) yily 2) 
x Re>) (— 1) imdb (27, + 1) (273 + 1) ibe aye Crane ae 
bel 
des Js 


x W (i7"Jefss 11) W (lofal i713 1/5j)W (lofslajy;*/2y’) W (JaJ2"/2 */23 105); 


aes oe fe Sf 4 \le-TethW (?4T, Bt 
C= em Teg ee) a ee (7’7TiLi; 112) x 
x Re 3} (— Ajietis (Qa + 1) (Zia + 1) (2a + 1)" Als + 1) haa besCiov0C7o:40 X 


Lp, ls 
J2> Js 


X COM (Lately; “Yol) W (lsfalayas */27’) W (7/"Terss 11) X 
* W (jsjot/a2/2; 113) W (lafe 23/0; */als)- (16) 


Let us turn to the most important case of K shell conversion with ;’—/-+ 1. 
For this case we obtain 


pen oe Uefa oa eheetine keer may OMe ese Vetae 
in Ti (27 a 1) CF + 1) i ants 
(17) 
Kth+ +H shti hh 1 at h—i $04 / 7 — 1p 
Pen = vi foie? 1 lel, I ge el fe ] 
int a oT (27 = 1) (27 “a 1) 7 bint» (17) 
where 
rie Im [TOTO + (7’ 4 1)(2j’"— TOTO! i (i +1) VN Ca 
int = ; 
ae (0)[2_) «717 (0) 2. “ 2 7 [2 
V i 1) (TPP +717 Oey Vi TY P+ G' +4) [TE | 
ee Im[(7’-++1)(2j’—1) TO TON + 1 (27°44) TO), TO TOY” 2p TO TH] 
int= ——- 
gee (0) [2 7 (0) 2 ” 1) |2 o 2 
Ve ABO ih Oa o Vax (BP danas | (18) 


In Table 5 we give values of ine and beat for ;=1, /’= 2 and Z = 80, calculate 
using the values of the radial integrals and phase shifts given by L.A.Sliv. 


Table 5 
The values of @nt and bint for Z = 80 with j= 1 andj’ = 2 


o/m 


0,2 


0,25 | 0,3 | 0,35 | 0,5 0,7 1 


dint] —0,53 | —0,68 | —0,47 | —0,21 | 0,45 | 4,08 | 4,60 
bs 4} 0,58 | 0,72 |. 0,53 | 0,80 | 0,82 | 0.g6) eet as 


- 1469 - 


Polarization of conversion electrons emitted in cascade with one or more y-rays 
Often the conversion process does not occur promptly following B-decay, but 
only after the emission of one or several y-rays. Assume that B-decay leaves the 
nucleus in an excited state with spin /,. 
to states with spins /;, /3,..., Jni1, emitting photons of multipole orders j, /s,..., jin, 
but of unspecified type (magnetic or electric), which are not recorded. This is 
followed by a conversion process. It is then easily shown that the y-ray cascade 
leads to the appearance of the additional factor 


(eee tetra (ete ee tp, (ed) 
i as | 9 
an ean eee (19) 


ii 


in all the expressions for the polarizations. 
I desire to express my sincere gratitude to V.B.Berestetskii and A.P.Rudik 
for suggesting the problem and discussing the results, A.I.Alikhanov and V.A. 


Lyubimov for interest in the work and for discussions, and L.A.Sliv communicating 
the values of the radial integrals. 
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INELASTIC NEUTRON SCATTERING BY ODD NUCLEI 
- A.M. Korolev 


Excitation of collective nuclear-surface levels through direct interaction 
between the nucleus and an inelastically scattered neutron is ordinarily describe 
in terms of the Bohr-Mottelson model.1!,2 It is possible, however, that at reson-— 
ant energies the neutron may remain for some time close to the nuclear surface, 
and then a metastable state, which is not a compound nucleus state, may forn.3 
We have included this mechanism in treating inelastic neutron scattering by sphen 
ical nuclei4 by Heitler's theory of damping.°»6 

In the present work we use the methods of our previous analysis# to study 
inelastic neutron scattering by nuclei with half-integral spin. It was found 
that because of its complexity the problem can be solved only for weakly deformed! 
nuclei and only taking into account excitation of the first two collective levels; 

Let us consider the inelastic scattering of neutrons by nuclei with half- 
integral spin, assuming that primarily only collective ievels associated with suri 
face excitations will be excited. Thus, we shall not consider processes having 
to do with the temporary existence of a compound nucleus. We shall assume that 
the interaction between the incident neutron and the nuclear surface is small, 
and, therefore, that the nucleus contains only a few ''extra’’ nucleons in excess 
of its magic-number core. In treating inelastic scattering we shall use the 
generalized Bohr model.1,2 

The Hamiltonian of the system consisting of an odd weakly deformed nucleus 
and an incident neutron interacting with the nuclear surface is of the form 


Hea me, (1) 


where 


, 


(0) ex 
Jaks = H,4+-H,+ He: (la) 


is the Hamiltonian characterizing the state of the target nucleus, 


nd R21 (1 +41 
Hy = —ay aa 4 a pase (1b) 


is the Hamiltonian of a free neutron moving in a potential well given by V(r), 
and 


fH’ = —kR,8(r — Ry) >) don You (9, $) 


ue 


(1c) 


is the interaction Hamiltonian for the neutron and the nuclear surface. 

ne Hamiltonian Hoof the target nucleus describes the interaction between 
the extra odd nucleon and the surface of the even-even core. In (la) the Hamil- 
tonian H, for the collective oscillations of the core is : 


H,= 1 oa a ee 
8 = OB, | Taal ag Ja, (7h, (1d) 


and the single-particle ‘extra’ nucleon Hamiltonian //° and the Hamiltonian H, 
giving the interaction of this nucleon with the core surface are of the rome 
(1b) and (1c), respectively, except that the coordinates of the incident neutron 
in these expressions must be replaced by those of the "extra" nucleon 

The nuclear wave functions are given by the equation 


angular part, 9%, 


26 a en * ww 2 PEN 
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(0) N ey BN 
s Pim = jN ~ im? (2) 


where W;y is the energy eigenvalue, 


and j7 and mm are the total angular momentum 
and its z-component, respectively. 


Solution of Eq. (2) gives the following wave function for the target nucleus’: 


N Njm , NE PS 
Pim (121) = Dy BAI by, (ry) Dy [R's (Q’) Um, (3) 
N’R’QU’ 
where the amplitudes See and all other notations are specified in the next 


article’, 


The system we are considering is not stationary during the interaction, so 
that the Schrodinger equation will be time dependent: 


GP 
ih = HY; (4) 


the Hamiltonian // here is given by Eq.(1). 

The orbital angular momentum / and nuclear spin j are not conserved in the 
interaction between the neutron and the nuclear surface. Hence the total wave 
function ‘’ of the system is characterized by a total angular momentum / and its 
z-component M. 


Let us expand this total wave function for a given / and M in eigenfunctions 
of the unperturbed system, namely, 


[ee) 
Se Ney | apa Py (rs p) Dy, {7's (k’) UIM],,, (5) 

NPT 
where the 14.,.,.y, are the desired amplitudes, the 4¢,,(7, p’) are eigenfunctions of 
the single-particle Hamiltonian (1b), and Qy_[j’s(k’)l'/IM] gives the angular part 
of the total wave function, and is at the same time an eigenfunction of the Hamil- 
tonian (la). The form of @, depends on the particular coupling scheme chosen 
for the angular momenta, and in our case will be determined by the fact that we 
shall not take into account spin-orbit coupling. The coupling scheme is chosen 
so that the nuclear spin j;’ and the neutron spin s couple to give k’ which is then 
coupled with the orbital angular momentum /7’of the neutron to give the total angu- 
lar momentum / of the system. Explicitly, 


Oy [7s (k) LIM] = > (7sM — m; — mgm, | jskM — m)) (kLM — mim, | klIM) « 


My] Mg, 


< Mo N 6 
XV in) (3, ¢) Xs ae ¢ ) 


where rae is the spin part of the incident neutron wave function, Yjm,(3,¢) is its 


J 


is the wave function of the odd nucleus, and (k1M— m,m,|kl1M) 


is a Clebsch-Gordan coefficient. 
For convenience in applying Heitler's damping theory, we go over in the 
usual way from the xz-representation to the p-representation. 4 We then obtain the 


set of integral equations 
co 


(Ee awGan (Ent hi=) >) \ (Np |! |n'N'p') ROT EMER REE: (7) 
n’'N’ 0 
for the amplitudes, where the Gnn (E, p) are the Fourier transposes of the ampli- 
tudes: 
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-+00 i 
a e + == (E,—E) t 
Cag) = ae \ Gan (E)e * dE (8) 


(henceforth we will denote all quantities characterizing a given state by an in- 


dex 7). 
According to the general propositions of damping theory, the solution of 


Eq. (4) should be characterized by the following initial conditions for the ampli- 
tudes®: 


aan (t) —— 0 for = 0; 
a,,9 (t) =1 for t+ o (9) 


where the index 7,0 denotes the initial state of the system. These boundary val- 
ues mean that the interaction 7’ comes into effect at time ¢ = 0, when the par- 
ticle reaches the nuclear surface; they lead to a term of the form 6,,,6y,o on the 
right side of Eq.(7). The energy E,)y =W,»y + En(p) in (7) is the total energy 

of the unperturbed system. The Fourier transpose G, y (FE, p) is of the form 6 


GUO(E@p) = [ean (Ee Ne le ee ee (10) 
where 
(= py yes ele err eee (10a) 
(E—En) = |g—p— + nit (E—Ey)], 
Gro (B) = - (10b) 
Be Bes il (E, po) 
in which : 


P(E, po) = 21 a (Oop | H’ | In’p’) &, (EZ — Ena) gn (E, p’) dp’. (11) 


Inserting G,y(E, p) from (10) into (7), we obtain the following set of inte- 
gral equations: 
8,y (E, p) =(Nnp|H"|Onopo) + > \(QNp| "| n'N’p') &, (E— Ey) Sym (p's E) dp’. (12) 
Nin’) 
To solve (12) in general is by no means simple. According to (1b), however, 
the interaction /’ is S-like, and the kernel of Eq.(12) is degenerate. Thus (12) 
is easily reduced to a set of ordinary algebraic equations. Writing 


San (E) = >, (PR) b, (PoR,) Any (E); (13) 


Eqs. (12) take on the simple form 


Ann (£) = Hyon, On, 4 >) Hyn, N’n’ Lyn’ Ann’ (£); (14) 
N’n’ 
Mri 
Li (E) = —F 45" (PyR,) >, (Py Ry); Se) 


where Py =V (E— hoy) 2M and (+) describes an outgoing wave.4 In calculating 
Ben ee Mabraktae Hyn, nn’ ON€ must bear in mind that the deformation parameter 
Oo, in G s an operator expressed in terms of destruction and i 

tors for surface excitations: chin Ae 


oy, = (hag (bu + (—1)"b_,). (16) 
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a In calculating the matrix elements in (12) one must perform some quite com- 
plicated sums over magnetic quantum numbers and intermediate angular momentum 


‘quantum numbers of products of Clebsch-Gordan coefficients. Eventually one ob- 
tains 
Angin, WRI? = — g [(2I’ setts sal (DR 1) (07 1) (27’+ 1) (2h +1 


Nee N 
x W (hi 211; RL!) W (2jk's; jk) W (2pXs: 7") 


(’ 200 [2 210) M (NjX|.N’7n’, (17) 


where JW (abcd; ef) is a Racah coefficient, M (N7h| N'7%’) is a partial matrix element 
involving the state amplitudes of the "extra" nucleon, h=j-+'/, gives the parity 


of the target nucleus, and 
Sey h 9 
g=IRW BV & 


In obtaining (14), we have so far made no approximations. We will now make 
use of the Tamm-Dancoff method8 , restricting ourselves to the two-phonon ampli- 
tudes in (14); from now on we shall assume a very low probability for excitation 
of the third and higher nuclear levels. Further, we shall assume that all the 
matrix elements //(V\|N’)’) are small except those for which N’=N-+-1 (the har- 
monic-oscillator approximation). 

With these approximations, (14) can be rewritten 


Ann (E) = Hin, on, + >) Hm, wn Lov Hyvn,on + >) Hn, wear Ee Hv. went Any, 048) 
n’ n'n" N’ 

where V= 0, 1, 2. 

Assume that the amplitudes which are off diagonal in X are small, an assump- 

tion connected with the condition of adiabaticity of the quadratic matrix element. 

‘Then on averaging MM (N)i| NX’) W(N’X’| Nd) over X' (and choosing some mean value i of 

X.'), we arrive at 


EE Oe Ue 


= —= = ; (18) 
Ang 1 — g?L,,M? (Oh| 1A) 
of va 
H 
An == ~ es us =a (18a) 
a el) 
N=0,2 
H, ge? L,, M (2a| 1) M (10 ] 00 
Ag roa ED eg REE INIUM) Pang (18b) 


1— g? LM? (2A | 12) 
where Lm (E) = >} (2200 | 2 200)? Lwv (EZ) and (Pipe, a is given by (17). When we now in- 
Pa iz 


sert Eqs. (18)-(18b), (8), (10) and (13) into (5), we obtain the desired wave func- 
tion of the system for the given value of /. 

j We are interested in the wave function of (5), a relatively long time / Bate 
‘the interaction. The amplitudes a,,(/) then become the scattering-matrix elements 


e enw (En) 


a saan é (19) 
aw ) N, n0 Ge By ABs) Bs Re T(Ey) 


- : i i - the level, and 
where the real part of + T (Ey) given by (11), is the half-width of ; 


4 i i f the collective levels. 

its imaginar art characterizes the shift o 

ia renie tate into account all values of J,/ and k in the expansion for a plane 
wave, then, according to Blatt and Biedenharn, ? we obtain the differential ne 
“section for inelastic neutron scattering by weakly deformed nuclei with collec 
ive levels taken into account: 


pepe eee 
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i ? (20) 
ds = 2 sae 2B: (pok; pk’) Py (cos 9) dp dQ, 
es ) K’—K ; : 
where Br (pot pk) = a y ) », ZAby, Tilslo: BLY Ze laid eee. 
N Uyli’Iy lale’T2 
(20a) 


* 
x ReSn,n, Ny 0 Pee NN 


and Z (abcd; ef) is a Z-coefficient. 

Eq. (20) indicates that if inelastic neutron scattering excites collective 
levels, there should be interference of the outgoing neutron waves corresponding 
to different /. The scattering-matrix elements of Eq.(19) entering into (20a) 
correspond to resonance, Hence the energy distribution of the inelastically 
scattered neutrons is described by a dispersion formula. 

None of the approximations involved in the calculation of the A,, violate 
the usually accepted assumption that the coupling constant gis small. In view 
of this, the results of the present paper are valid only for weakly deformed 
nuclei. 
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ENERGY LEVELS OF WEAKLY DEFORMED NUCLEI 
- A.M. Korolev 


Introductior 


In attempting to explain nuclear level schemes, the interaction between 
nucleons and the nuclear surface in the last four years has been subjected to 
theoretical study based on the generalized model of the nucleus.1;2 Many authors 
have engaged in this study for both strong and weak coupling between the odd "ex- 
tra nucleon and the surface.1-7 The experimental discovery of rotational levels 
of highly deformed nuclei gave strong support to the validity of the generalized 
model. Nevertheless, there remained many unanswered questions such as, for in- 
stance, the influence of nonadiabatic terms on the positions of the levels, and 
of two- and three-phonon states. Although these factors have been studied’ for 
intermediate coupling, the explicit analytic dependence of the energy levels on 
their quantum characteristics have not been given. 

The present work uses the generalized model to study stationary states of 
odd nuclei with intermediate coupling. One- and two-phonon states are included 
in the treatment, and the wave functions and energy levels of the nuclei are found. 


Statement of the problem 


Consider the stationary states of a system consisting of an even-even nuclear 
core in the vicinity of a magic number, and an ‘extra’ odd nucleon interacting 
with the surface of the core. The solution of this problem involves finding the 
eigenfunctions and eigenvalues of the bound "extra'’ nucleon. The surface inter- 
action leads to deformation of the nucleus. We shall assume that this deforma- 
tion is not strong. In other words, we shall solve the problem by approaching 
the intermediate coupling case from the weak coupling direction. This treatment 
imposes a requirement on the single-particle and collective levels which is the 
opposite of the adiabatic requirement, namely, that the collective levels must 
lie above the single-particle levels. 

We shall treat the collective excitations of the nuclear core by Bohr's gener- 
alized model.1,;2 The Hamiltonian of the system consisting of a spherical core and 
an “extra” nucleon interacting with its surface is of the fornl 


Fe Daa oe ae (1) 
where 1 C 
He = Slop, rl + hag ay 
pb. 


is the Hamiltonian of the nuclear surface oscillations, 


#2 0d? | “RL (1 +1) 


Hp = 9M ~ dr? Mr? pai) (1°) 
is the Hamiltonian of a free neutron in a potential well given by V(r) and 
H’ = —kR,8 (r —Ro) > dou (9, 9) Cis) 


p 
is the interaction Hamiltonian. The 4,, in (1') are the deformation parameters 
of the nuclear surface. We shall treat o,, in (1'") as an operator acting on the 
nuclear-surface wave function which changes the number of surface quanta (phonons): 


= Vis (Gyo (= 4)F LE), (2) 
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where 
(Oe— VA 


is the phonon frequency, and b, and bas are phonon destruction and creation opera- 
tors. These operators satisfy the relations 


B, 


bb, = Nec fand “Bienes (3) 
For a stationary state, the Schrédinger equation is 
HY =W?7®, (4) 


where we wish to find &, the system wave function, in the form of an expansion 
over the unperturbed functions 


eae), Ay ppt (P) >; (7) Py [Rs (k) UM], (5) 
NRKI 


where ¢,(7) and-@, are eigenfunctions of the single-particle and collective states, 
respectively, and are assumed known: 


Ap hi (7) = Exhi (7); 
H,Dy = hoy Dy 


(EZ, and hwy are the single-particle and collective energy levels). The sum in 
(5) is taken over the number of phonons JV, the angular momentum # of the core, 
the total spin k and the orbital angular momentum / of the odd nucleon; / and VW 
are the total angular momentum of the system and its z-component, respectively. 

The wave functions My [Rs(k)/ JM] depend on both the spin and angle variables 
of the "extra" nucleon. They form a complete ortho-normal set: 


(6) 


Oy [Rs (k) UM] = >, ay (RsM — m— m,m,| RskM — m) x 
m Meg 


x (KIM — mn |RLIM) Yin (8, 9) 0* OR" 7 


We have chosen an angular momentum coupling scheme according to which the 
nuclear spin Rand the nucleon spin s couple to k which then couples with the 
orbital angular momentum / of the nucleon to give the total angular momentum / 
of the system. This is possible if we neglect spin-orbit coupling, so that 7 is 
a good quantum number. 

When including spin-orbit coupling, however, and if the single-particle 
states have large 7, it is more convenient to choose the basis functions accord- 
ing to a different coupling scheme; then / and s give the total angular momentum 


j of the nucleon, and this couples with nuclear spin R to give the total angular 
momentum / of the system: 


Y= > bnijr i (r) Dy [R; sl (7) 1M]. (5") 
NjIR 


The relation between the amplitudes a,, and b, in these two coupling schemes 
is given by 


bnijr = S| (2k ae 1)" (27 = 1)" Ww (RsIl; kj) anRK? (8) 


k 


i ata Dall 
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urn = Dh + 1)" (27 + 1) (Ret; hy) by, ee 


3d 


where W (abcd; e/) is a Racah coefficient.8 


; It is thus easy t e 
coupling scheme to the other. dre CRS 


Wave functions of odd nuclei 


Now from Schrdédinger's equation (4), we proceed in the usual way to obtain 
the following set of coupled equations for the Onpn? 
(W — E, — hoy) amy = >) <mN | H"| m'N’) ayn. (9) 
m 
We use the Tamm-Dancoff approximation? to solve Eq. (9), dropping all states 
of the core nucleus in which the phonon number N> 2. We make use of the property 


<mN | H"|m'N’> = (6n, w—a + 8n, wey) $1 (4Ro) by (a Ry) Hmy, m' n'y (10) 
of the matrix elements and introduce the notation 


ann = dm (GmA%o) Amn; (11) 
EF, ++ hon = Eww, 
to obtain the following equations for the amplitudes 4A,,, B, and C, for the no- 
phonon, one-phonon, and two-phonon states: 


(W — Big) Ay = J How $e By 
(W — Liga) Bay = Hnohi,AotV 291 TD ype dir Ce5 


(W — E),)C,=V 2 S\ Hin Gr Bre. (12) 


In the general case Di dar where B characterizes the level sequence deter- 
mined from the condition that the logarithmic derivatives of the internal and ex- 
ternal solutions of (6) join smoothly at the boundary. If we recall that levels 
corresponding to different values of B have large separation19 and note that only 
levels in a single shell are of importance, we may drop the sum over B, arriving 


at 
der = di. 


Further, conservation of total angular momentum / and of parity implies that 
the sum over the no-phonon states also vanishes, so that 


A Or, Ao; 


where |, =I -+1/, gives the parity of the state of the system. With this in mind, 
we arrive at Eqs.(12). 
The solution of (12) requires a calculation of the matrix elements Hann 
and H,,.. This calculation requires summing the products of Clebsch-Gordan coef- 
ficients over magnetic quantum numbers. The final results of this summation are 
Hon = —2 ((2E +1) (2k + 1)]* (1200 |121,0) W (Ey 21k; ts); (13) 


5 


*Henceforth we shall denote the complete set of indices Rkl by the single 
index m. 
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ff. ¢ 977 , Si fs A7 (1? oC We ha t 
Honea (O11) (OR 44) (2k + 1) (2k’ + 1)17 x (2200221 0) W (2k'Rs; k2) W (k’ 2.11; kl’), (13*) 
ae + 6 qe 
where g=kRy Se ; a 


Equations (13) and (13') can then be used to solve (12). The amplitudes 


A,, B, and C, are related by the conditions 


09 


1 


al A, oe (14) 
Pl, (R 0) ~ VYN(W (Wert y. 
~ 1, 7 7A : 
Buy =— g[(21 + 1) (2k + 1)]" (1200 [12.1,0) W (1,2Tk; 1s) — —— ; (14) 
(W — E),— 28? a9) 
Crm=V28" [(2R+1) (2k+ 1)]*W (KRIIp; si) Yi (21'-+ 1) W (21 Ip; 21) x 
(17 200 | 272.20) (1 200 | 2’ 2 Io) v2, y?_ A fe 
x pasa q4) 
Cp Ei) (ly By, 28 219) 
where 212,12 
~ < (Ip 200 | 25210)2 p2¢ xe (1200 | 1210)? b 
N Wyle) = 4 + BS) ELI (4 4 ety) I a oa 
p (Wy—E,, — 2g? 40)? f Nair 
= (Zo 200 | 2210)? b7 YF (1200 | 121°0)2 92.4 L? (15') 
nid ae ete Rin sie =2 (W — Ey) 


In addition, from the fact that the determinant of the set of equations 
vanishes, we obtain the following equation for W ,, giving the energy levels of 
the odd nucleon: 


W,=£,,+ e013 (W)). (16) 


On inserting (14)-(14") into (5), we obtain the eigenfunctions of the nucle- 
us as a function of the total angular momentun. 


Energy levels of odd nuclei 


To solve Eq. (16) for the energy levels of odd nuclei is quite difficult. 
If, however, we assume that the collective levels lie above the single-particle 
levels, and this is indeed the case in weakly deformed nuclei, the problem simpli- 
fies considerably. Thus, for instance, from Eq.(16) it is very easy to find the 
ground state of an odd nucleus by the method of successive approximations. 
Choosing a zeroth approximation W/) — F,, we obtain 


WP = By, + Bary (Ey). an 
For the n-th approximation,we have the simple recursion relation 
WY = E,,+-%a1, (WE); (17') 
then the desired ground state energy is given by 
Wi) = lim W{”. (17") 


n—> Co 


For coupling which is not too strong, this converges very rapidly, and no 
great number of successive steps is needed. Let us now assume that the ground 
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state energy has been found. Then, by simplifying (16) somewhat, we can find 
the collective energy levels of the system. Neglecting the /-dependence of the 
denominator in o,; and /,,, and taking its average value out from under the sum- 
mation sign, we obtain a cubic equation for the eigenvalues Wjpy. For the case 


of coupling which is not too strong, the energy levels of the one=phonon and two- 
phonon collective states are 


Ware ct AVWiad eos (18) 
Ei4— Ey, + AW, 
5 (52272 
(ieee el alley (18") 
E,, — Ey, + AW, 
where $i = 912200] 220’ 0)2¢2, AW, =H, — W or: 
lv 0 ? 
J E 2Ue PL WE 
M =E,, AW (4 | 4) LEE Oe " 
0 | Wee | Wro AW, Wrro . (18 ) 


Mis of second order compared with 2°37} (a bar over a symbol means its average 
value). 

Again, for coupling that is not too strong, when ho + EL; — FE), > g*aj,, the 
second term in (16) is always negative, and the surface interaction always lowers 
the ground state energy irrespective of the sign of the coupling constant g. As 
for excited collective levels, for the case of weak coupling to the surface, we 
May point out the following property. Since in the second term of (18") the de- 
‘nominator is negative, and the principal contribution to the energy is from 
27d? di, the first collective level is depressed by the surface interaction, while 
the second one is raised. Thus the separation between the collective levels in- 
creases. It should also be pointed out that in an actual nucleus the ground- 
state spin may not be the same as the total angular momentum of the first or sec- 
ond collective levels; hence the rule which says a level tends to go up or down 
‘May be violated for levels with different angular momenta. The indicated tendency 
should be observed if the first and second levels have a total angular momentum 
J equal to that of the ground state. 
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MAGNETIC AND QUADRUPOLE MOMENTS OF WEAKLY DEFORMED NUCLEI 
- B.D. Konstantinov and A.M.Korolev 


sucroole 


Bohr's generalized model of the nucleus! is now commonly used to explain 
the experimentally observed magnetic and quadrupole moments of nuclei. 

Several authors2,5 have used this model to treat these moments while taking 
account of the interaction of an odd nucleon with the nuclear surface. Investi- 
gations have published both for strong2,3 and weak4;9 coupling. Nevertheless, 
there remain some questions as to, for instance, the validity of the adiabatic 
approximation in finding the energy levels and the contribution of two-phonon 
states to the magnetic and quadrupole moments. # Although Choudhury® has extended | 
the investigation to three-phonon states with intermediate coupling, the analytic: 
dependence of these quantities on the ground-state quantum numbers of the nucleus: 
has yet to be given. 

The method used in the present work is essentially the same as that of Ker- 
man and Choudhury. 4,5 We shall investigate the magnetic and quadrupole moments 
of nuclei by approaching intermediate coupling from the direction of weak coupling 
and making use of the results of our preceding work , © in which we obtained the 
wave functions and energy levels of odd nuclei. Nonadiabatic terms and two-phonopr 
states are included in the calculation. Further, the influence of the odd "extra’ 
nucleon on the magnitudes of the nuclear moments will be considered. 


Statement of the problem 


In order to calculate the magnetic and quadrupole moments of a system con- 
sisting of an even-even nuclear core and an "extra’ nucleon, one must know the 
wave function of the system. This wave function is obtained by solving the 
Schrodinger equation: 


AY iy = W7Pim, (1) 
where the Hamiltonian His written in the form! 


=, oe ie ee (2) 


in which H; is the Hamiltonian for the surface oscillations of the nucleus, H, 
is the Hamiltonian of a free nucleon moving in a potential well given by V(r) 
and 


H’ = —kR,8 (r — Ry) >) oon You (89) (2") 
pi 


is the nucleon=-nuclear surface interaction Hamiltonian. 

Eq. (1) with the Hamiltonian (2) may be solved in the second quantization re- 
presentation by use of the Tamm-Dancoff approximation,’,8 i.e., on the assumption 
that only two surface quanta are excited.® | 

We shall attempt to find a solution of (1), for a given value of the total 
angular momentum / and its z-component 7 by expanding it in a series of eigen- 
functions of the unperturbed system, namely, 


bua (P) = She REINER my (FES Cy a 
ney RSH i(7, k) Dy [RS (K) 1; 1M], (3) 


ene Ris the angular momentum of the nuclear surface, § is the nucleon spin 
K=R+8S, lis the orbital angular momentum of the nucleon, / is the total 
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angular momentum of the nucleus, Mis its z-component, and Nis the number of 
phonons present. 

The wave functions My [RS(K)l;IM] correspond to a fixed scheme for coupling 
angular momenta and form a complete orthonormal set: 2 


Oy [RS (K)l, 1M\= S (AlM—mm | KUM)(RSM—m—m,m;| RSK M—m) x 


Mm, Mg 


ar et Oe US itl Me (R). (4) 


“Here (K/M—mm|KIIM) are Clebsch-Gordan coefficients, Y,m(9,¢) are normalized 
spherical functions depending on the angle variables 0,9 of the nucleon, yf"s is 
the spin wave function of the nucleon, Di~™—™; (R) is the wave function of the 
nucleus with spin R in phonon occuptaion-number space (N-space), and 4%:(7,4) is 
the wave function of a free nucleon in the spherical potential V(r). The ampli- 
tudes aRSK in (3) for the no-, one-, and two-phonon states are a), Bix, and Cx, 
respectively, and are given by6 


3 
Ay = $1, (Ro) Acdur, = ian (5) 


where : 
5 (1200 | 29210)? (Ro) 7, (Ro) Bae . 
Se a ee 22°a10), (5') 
( I 0) rT & = (W ae ee ry (W, 2 (1 12 


ae F (1200|1210) b, (Ro) ¥, (Ro) 
Uaa apres IE Sle ue [aD ea) ® Uy = 
Box, = (— g) (2K + 1)2W (Ly IK:;1S) ( 1+ 1) W,— E284, 


a, (Si 


Cixi = 25) (2K + 1)" (2R + 1) W (KRIlp; Sl) W (2RI'Ip; 21) x 
. 


ae 1’ 200 | 2’220) (27200 | 2’22,0 v2(R (R R Wy 
5 Pe (21' 1-4) @ | )¢ )b7( Ro) Y, (Ro) by) (Ro) (Ge) 
Mgt Bf pas Ea 1? a1"9) 


g = kRy (50) (2)" 


y in which W (abcd; e/) is a Racah coefficient.19 The inequality J— 


Oy) 


- together with the parity determines l, uniquely. Let 


4 where £,is the single-particle level, and jim is the collective level. Finally, 
4 O75 and a. are given by 


1()\2 . 2 Ro) 
W,) <= Si (1200 | 12/0)? Yi (Ro) $7 (Ro) i 
ce am eae TE 
| =, (1200 | 1220)? 2, (Ro) Y? (Ro) 7 
aie (W1)= 2 Ww o (7) 


‘4 The ground-state energy is given by 
~ sil 200 | 16210)? $? (Ro) Yj, (Ro) 
W,=f,4+ aps cat era (8) 
: W, — BE, — hw. — 23%a,.(W) 


We can now proceed directly to Petre cion of the magnetic and quadrupole 


moments. 


i Sabana Py hviah Than RATES HN 
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Magnetic moments 


The partition of the angular momentum between the outer particle and the 
surface leads to the particle and the surface each contributing separately to 
the magnetic moment. f * 

For a bound system consisting of an even-even nuclear core and an extra 
nucleon, the magnetic-moment operator may be taken in the form? 


uw = gt, — (g;—8n) Re, (9) 


where FR, is the z-component of the surface angular momentum, ¢, is the §-factor 
for the surface, and g; is the g-factor for the single nucleon moving in a spheri- 
cally symmetrical field. 


For a nucleus with a uniform charge distribution, we havell 


g (10) 


LD alber 6 


while for the single nucleon, we have 


fea i is yar wi (11) 


where the sign is chosen in accord with pay ee and g, and g, are the intrinsic 
and orbital g-factors in nuclear magnetons. 

The magnetic moment of the nucleus is obtained by finding the matrix ele- 
ments of the operator U of Eq.(9) between the wave functions given by (3) in the 
state with /=M. We must thus calculate a matrix element of the form 


MS <e;l, — (8; — gr) Rz)mMe=r- (12) 


To do this, it is convenient to transform from the function of (3) whose 
coupling scheme is [RS(K)/; JM] to a function whose coupling scheme is [RSI (7); 
IM). This transition is made by means of a unitary transformation. The new 
wave function may be written 


dim (7) = 5) bri $i (7, &) Oy [R, SL (/); LM], (13) 
RjlN 


where the amplitudes Djjjy are related to the amplitudes alM,. by 


brit = >) (2K + A)" (2) + AAW (RSI; Kj) att 


RKIN - 
K 


To calculate the matrix element of (12), let us break it up into two parts 
and calculate each separately, writing 


Koti Ceyl> wat = (8; —— gr) RYMe=r = 41 — Ue. (14) 


To calculate py, and », one must sum products of the Clebsch-Gordan coeffi- 
cients over magnetic quantum numbers, and of the Racah coefficients over angular 
momenta. The final result of such summation is 


fal | Bri, + D\ 83 (27 + 1) W2(2f pS; Tl) Bh, + >) 85 (27 +1) W(RZS; 11) Qar\s (5) 
{ ’ 


{ lj R,l,j 


= IJIN (p,— Fi +1)—7 (7 +1) +6 
Ug 2 (8; — gr) (27 +1) [re W* (27,5; Il) Bin,+ 
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ey eee) Oe ope) LU) 4 ROR Lt) 50 +41)7 aro pp; . 
ae Be) (aie ER Eye | Te] 2 (Rilo Qu}, 26) 


Us A 
where Qn, d1,, By, and Cij are given by 


Qinr= >) W (2Riy, lo; 20) W (2Rlely; 21) Ce. Cit, 


(17) 
ae 
Qo. aoe 
eo Ro: et ‘ 

V N(W,, bo) Se. 

é' ite 1200 | 121,0) v, (R 
Bu, = (— g) (21 + 1)” ; | - : “al ae, Qi ty (17") 

Woe E., —2g*a1,(W 7) 

ae ea (1200 | 1210) (2200 | U’ 2190) 7, (R Ro) 4 
Ciy= g? (2l’ + 1) : eae a ee Qi41,: Cl Ta) 

(Wy — Byo) (Wy — By — 2870 )-9) a 


Thus we have found the total magnetic moment of the nucleus, due both to the 
surface and the outer nucleon. 


Quadrupole moments 


In the generalized model of the nucleus, the total quadrupole moment of the 
system consisting of a nuclear core and an outer nucleon may be written? 


Q = Q. foe Qn, (18) 


where Q. is the quadrupole moment due to deformation of the nuclear surface, and 
Q, is the quadrupole moment of the outer nucleon. 

The quadrupole moment operator for the nuclear surface in the liquid-drop 
model, i.e., when the nucleus is considered to be incompressible and to have a 
uniform charge distribution, is of the form4,1!1 


Os = 3Z (St) RE aig. (19) 
On passing to second quantization, this operator becomes 
G, = 3Z (5n)—"e Reo {bap + Pao}, (20) 


where 
€5 —_— (h?/2B hwo), (20') 


: and where b,, and bso are destruction and creation operators for nuclear surface ex- 


' This term makes only a small contribution to the total quadrupole moment of 


citations (phonons). . 
Further, the quadrupole moment operator for the outer nucleon is given byl 


Op = (16/5)? r°Y 20 (9, 9)- (21) 


highly deformed nuclei, put may be comparatively large when the deformation is 


small. 


In order to find the quadrupole moments Qs, and Q@, we must calculate the 


4 matrix elements of 0. and (), between the wave functions of Eq.(3), i.e., we must 


Ls taba Rea DEN evan 


calculate the matrix elements 


*See Eq. (5'). 
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: (22) 
s= 3Z (on)? Roes € (bey + b20)>M=15 


Qp = (16n/5)'2<7°¥ 20(8, ©) >M=I- (23) 


The operator (Dapeioee) acts on the nuclear-surface wave function. From the 
commutation rules for the creation and destruction operators it follows that the 
matrix elements will fail to vanish only when the phonon number in the two states 
differs by one, i.e., when \’=N-+1. 

In calculating the matrix elements of (22) and (23) we must sum products of 
the Clebsch-Gordan coefficients over magnetic quantum numbers. The final result 
of this summation is 

QO; = 6Z (Sn)? Ro eg (20 + 1) (210L | 2111) W (Sif; 115) x 


x [oeBun VIR Velie ree y (24) 
bbe 


Similar calculations give 


Op= 22T + 1) (2LOF | 2111) W (SlpT2; Ty) X {(2lo + 1) (21500 | 20090) L1,1, a2, + 


-t- ~ (22 + 1)'2 (2200 | 212’0) W (205l’2; lo) Lin Bin, Bu, + 
1,1" 
<5 > (22 +- 1)*2 (2100 | 221’0) W (21,152; Iol,) W (20,1'2; Ul) TiC ye Cs (25) 
UALS UUs 
where /;, is an integral of the form 


p 


Tri =\ dh (r, B) du (r, hy 8dr, (26) 


in which ¢,(r,4) is a wave function satisfying the equation whose Hamiltonian is 
Hf, and thus describes the motion of a free nucleon in the potential well given 
ae Uta 

As an example, we have calculated the magnetic and quadrupole moments of neo- 
dymium 143, a nucleus which has a single nucleon outside the closed shell. The 
nuclear radius was assumed to be given by R, = 7,A‘s, where r= 1.45-10713om, and 
the depth of the well was taken as V) = 35 Mev. The coupling constant in the in- 
teraction Hamiltonian was taken to be 25% less than the well depth ices The ener-= 
gy of the first excited state of the even-even nucleus was taken as ho, = 1.6 Mey 
(Ref.13). The mass parameter B, was calculated on the basis of the liquid drop 
model. 

The calculations gave 


Qtheo = -1.75-10-24 cm? and Utneo = -1-64 Un. 
The experimental valuesi4,15 of the magnetic and quadrupole moments are 
Qexp = -(1.1 25 0.1) -10-24 em2 and Hexp I -1.0 am O.2 Uy 


It will be evident from a comparison of these results that when collective 
effects are taken into account the theory gives better results, although it still 
cannot fully explain the magnetic and quadrupole moments. This is probably be- 
cause the value of B, as calculated from the liquid drop model is too low: thus 
the actual values of the moments should be somewhat larger. 


*See Eqs. (17')-(17'''), 
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In conclusion, 


, it should be noted that the contribution from the two-photon 
states to the magnet 


ic and quadrupole moments is probably small for nuclei close 
and begins to grow as one goes to higher or lower numbers, 
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NUCLEAR POTENTIALS AND NEUTRON STABILITY OF NUCLEI 
- P,E.Nemirovskii 


In an earlier communication? we gave the results of calculation of single- 
particle states of atomic nuclei with a potential taken from the optical model. 
It was shown that the level sequence obtained for a well with such a potential 
is in good agreement with the data on nuclear shells. On the other hand, satis- 
factory agreement was not obtained for the binding energies. 

Further investigations showed that the utilized potential did not take into 
account all the factors exerting a substantial influence on the stationary states.. 
One of the more important factors in the case of light nuclei is the variation 
of nuclear forces with isotopic spin. It is known that at low energies the forces: 
between two nuclei in a state with T = O are much greater than between two nuclei 
in a state with T= 1. For light nuclei states with T = 0 or T = 1/2 lie sub- 
stantially lower than states with T = 1 and T = 3/2, which for ground states is 
equivalent to dependence of the binding energy on N - Z. This dependence of nu- 
clear forces on the isotopic spin, which is not in conflict with charge invari- 
ance, suggests that the effective potential of the self-consistent nuclear field 
must also depend on N - Z,2-4 

An analogous dependence is evinced by the familiar isotopic term in the Weiz— 
sacker formula. The present study is devoted primarily to this problem. In the 
last section we shall show how the (N - Z)-dependence of the potential may be 
utilized for evaluating the maximum number of neutrons in a nucleus with given Z. 


I. Determination of the potential 


We shall not describe in detail the neutron-nucleus interaction potential 
assumed in the optical model. We need only recall that the same potential with- 
out the imaginary part is utilized for calculating stationary states. 

The potential consists of two parts, namely, the principal central inter- 
action and a spin-orbit term. For the central interaction we assume the r-de- 
pendence first proposed by Woods & Saxon®9: 

V 
V; =o Ae . (1) 


Jee & 


The assumed form for the spin-orbit interaction is 


cae VY, is the central potential (the numerical value of x is given in Section 
It is interesting to note that the result of rough evaluation of the spin- 
orbit interaction energy by means of perturbation theory, which we shall give 
immediately below, differs little (20-30%) from the result of precise calcula- 
tion. The splitting of the terms with a given / is equal to the sum of the ma- 
trix elements (2) in states with parallel and antiparallel spin and orbit, i.e., 


B= (21+41)x) 


0 


For purposes of evaluation it may be assumed that ha is nonzero in a nar- 
dr 


[> |?r?dr. 


row region close to the nuclear boundary, then r|¢|?, as a slowly varying function, 
may be taken out from under the integral for r — R and E = (21 +1) Xx(r/¢)),oRV;,. 


eo be assumed that 7°|¢|’ is virtually constant inside the nucleus, we can 
write 


NSE RE UNE LSE 


Seats 
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(r | b rR DS 


72 
and 


= ie 
[ES Ve 


(3) 


Using the currently accepted parameters, such rough evaluation gives a value 
of E = 5.5 Mev for the splitting between the 1/y, and 4 jf, states of Ca41, which 
differs from the results of precise calculation by approximately 1 Mev. Formula 
(3) is particularly convenient for evaluating the role of spin-orbit interaction 
in states having radial nodes. For states without radial nodes the splitting 
with increase of Avaries appreciably more slowly than according to the 1/R? law, 
owing to the fact that in such states the nucleons are concentrated at the nuclear 
surface. 

The indicated potential was used in our preceding studies. However, as has 
already been noted, for stationary states a substantial role must be played by the 
(N - Z)-dependence of the potential. In order to introduce this dependence we 
must make certain additional assumptions. 

Let us assume that there are formed in the nucleus two independent self- 
consistent fields - a neutron and a proton field - and that the true interaction 
potential is the sum of these two potentials taken with statistical weights pro- 
portional to the number of protons and neutrons. This point of view is apparent- 
ly valid for heavy nuclei and in particular it finds substantiation in present 
day theory of moments of inertia. For light nuclei there are correlation effects 
between the protons and neutrons which are evinced in the particular stability of 
nuclei of the na type; hence our assumption is not valid for such nuclei. As for 
linear dependence of the potential on N - Z, it must hold for (N - Z)/A€1. In- 
vestigation of nuclei with a large neutron excess may make it possible to find 
deviations from this simple dependence. 

Hence we take the interaction potential in the form 


NV Z VitV. , N—Z 
Ve Va Va 


eee hee (4) 


where V, is the interaction potential of a neutron with purely neutron liquid and 
V, is the interaction with purely proton liquid. It is assumed that the (N - Z)- 
dependence is the same for both the central potential and the spin-orbital poten- 
tial. The influence of the second term may be calculated by means of perturba- 
tion theory or numerically. The ratio of the constants V,(0) and V,(0) and their 
half-sum should be determined from experiment. 

For protons, it is natural to assume the potential in the form 


VitVe2 = a 


u = V2—V)). (5) 


N 
Vp =2Vi4+502= 


In view of the considerations set forth above, it may be assumed that V,>V3i, 


i.e., that for heavy nuclei VV et calculating levels we always use the 
- potential ivV,+V.)/2. Then for a given N/Z, the parameters Ky= ZV 2mVn, a and 


x2, Which have the dimensionality of length,were varied in the same way in accord- 
ance with (4). Incidentally, the changes of x and a are very small and cannot have 
a substantial effect on the level energy. 

In view of the above, the method of calculating neutron levels should be ob- 
vious. The calculation for odd protons is more complicated. Im this case one 
must know the precise value of the Coulomb field acting on the proton. It might 
seem that this problem could be solved unambiguously. The difficulty, however, 
stems primarily from the multiplicity of data available. Actually there are the 


following groups of data: 
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The data of electron-nuclei scatter- 


1. Scattering of electrons by nuclei. 
40 the following 


ing experiments are very precise and give for nuclei with A > 
expression for the proton density: 


p=", (6) 


where a) = 0.55-107% em and R, = 1.07-1071% A” cm. 

For lighter nuclei there is obtained a specific charge distribution; however 
the difference between the distribution for 016 and the distribution given by 
Eq. (6) is not great. 

2. Mu-mesonic atoms yield for uniform charge distribution: R=1.18-1078A% cng 

3. For mirror nuclei Hansen obtained R=1.3-10°3A™% cm. 

4, Lastly, one can attempt to utilize the semi-empirical mass formula. Ac- 
cording to the data of Green & Sood”, who used this method, R = 1.21-10-18 A” cm. 

Method 1 is the most precise. However, fast electrons do not affect the 
nuclear Coulomb field. On the contrary, a proton in attaching itself to a nu- 
cleus polarizes the nucleus and hence its interaction with the nucleus must be 
weaker than is obtained from experiments by method 1. Similar considerations 
apply to mu-mesonic atoms. 

The data of methods 3 and 4 have a more direct bearing on our problen. 

For light nuclei the different methods lead to close results. This is due 
to the low value of the Coulomb interaction. Thus for 017 an error of 10% amounts 
to only 0.3 Mev and hence is insignificant, but for Sb12l an error of 10% is al- 
ready equivalent to 1.3 Mev, while for Bi209 the equivalent error is 1.8 Mev; 
hence correct choice of the nuclear potential is very important for investigation 
of nuclear potential. We cannot, however, utilize the data of method 4 inasmuch 
as it comprises a large error. Hence at present calculations of proton levels 
in heavy nuclei must necessarily be of a tentative, approximate nature. 


II, Comparison with experiment 


As was already noted, all the parameters, except for the ratio V,/V., were 
taken from data on scattering of slow neutrons. It was assumed that the real 
part of the potential is constant in the range from 0 to 8 Mev. Calculations of 
the effective mass by different authors show that this parameter varies slowly, 
and hence our assumption is not in conflict with other theoretical considerations. 
We calculated the curves of Eqs.(1) and (2) using 
R= 1.24 A*-1073 em 


e. — do Mev, 


7 


and 


s —— 


Then through comparison of the level energy for the given R with the ground state 
of a number of nuclei with a closed neutron shell plus one neutron we evaluated 
ce Site V,/V,. The best agreement with experiment is given by V/V, = 3.442 

The value obtained for the binding energy of the last neutron in nuclei with 
21, 29, 51, 83 and 127 neutrons is in excellent agreement with experiment. For 
17 nuclei the maximum deviation is 0.46 Mev, the mean deviation is 0.01 Mev and 
the rms dispersion V Af? = 0.25 Mev. 
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Table 1 


Neutron binding energy, spin and parity of the ground states of nuclei 


with a closed shell plus one nucleon with N > 20 


ee State Stat Soe State le State 
i Mies nae Ie ad 
clcous i Pais 
theo. cleus 
axe) exp. | theo. | exp. | y theo. | exp. | theo. rexps 
, 
Sic Ties Te Pas 4,8 4,48 ire 0/2* myer | OOH 
5 ie Eas : | a9 Ly J/a J ) NG) 
Ba 2 | rie. | 8,82) 6,6 Mos | 52+ | 5syat | 7'89 | 7’85 
os 7/2- en 8,73 8,37 Xel87 EP = 4,09 4,40 
TNs ye 3/2- DN Delia Bais? i= We “ey |) 472 
eae as /2 | 8,69" |. 6,95 Celt | 7/9- | 7/2 ) 5 24 15. 40 
Se Oe 3/2- 7,99 ae Nd#48 lie Wes Dp Oey |) 015 
ee: 3 /2~ 3 /2- O25 9,30 pees vie 9 /2* OOM sno 
Kr u o/2t OA 5,14 0,03 Boze 9/2a* O25 AAD | 45.90 
ore? 5/25 Sy 6,06 6,02 Ge’ yi 925 6,98 | 6,64 
Table 2 


Neutron binding energy, spin and 


parity of the ground states of nu- 


clei with 9, 15 and 17 neutrons 


Oy 1d59 o/2* 9,65 | 4,14 
Mg?2? 2s 12 8,70 | 6,44 
Sie 2s 1/2* | 14,13 | 8,46 
Spee lds. 3/2 8,80 | 6,59 
Se {dso Syn ane aller 8,65 
Table 3 


_ Z-dependence of the neutron bind- 


Oo UN ion a 


ing energy with constant N for nu- 


clei with a closed shell 


Zs | Zs | N | AEtheo, AE exp. 
20 16 24 3,93 3,89 
20 18 21 1,94 li 
26 20 29 3,88 4,16 
26 22 29 2,56 2,96 
26 24 29 i 26 1,37 
42 36 ot 2,79 2,32 
40 36 ot 1,83 1,63 
38 36 of 0,92 0,99 
60 54 83 1,69 1,66 
60 56 83 1,42 1,34 
60 58 83 0,54 0,66 
84 82 127 0,40 0,64 
14 12 15 2,43 2,02 
16 14 417 2,4 2,06 


Table 1 lists the neutron binding ener- 
gies for these 17 nuclei as well as for Ge/3 
in which the 1 g.,, shell begins to fill. Table 
2 lists the binding energies of light nuclei, 
which with the same computation parameters, 
differ appreciably from the experimental val- 
ues. Actually, only 017 really has a closed 
shell plus one neutron; Si29 and the other 
nuclei with 15 and 17 neutrons are obtained 
from questionable subshells plus one neutron. 
Inasmuch as the 2s and 1d, states are close 
to ids, here there may not form a rigorously 
self-consistent field, particularly if the 
extreme case of j-j coupling does not obtain 
and the coupling is intermediate. 

The 016 nucleus apparently has distinct- 
ive features which are connected with the pro- 
nounced correlation of two neutrons and two 
protons in light nuclei. Moreover, the charge 
distribution in 016 is apparently better de- 
scribed by a gaussian curve than by exponen- 
tial decrease. Hence one should not expect 
good agreement with experiment in the case of 
017, Incidentally, agreement of the ground 
state energy with the experimental value can 
be attained either by reducing the nuclear 
radius by 3% or assuming a slightly lower po- 
tential at the center. 

It should be noted that the potential 
under consideration not only closely charac- 
terizes the neutron binding energy over the 
entire periodic system, but as a rule correct- 
ly reflects the changes in the neutron bind- 
ing energy incident to the addition of two, 
four or six protons. This will be apparent 
from Table 3. 


The variation in energy is also correctly rendered for Z = 15 and 17. As 


compared to the ground state, 


the agreement as regards binding energy is appreci- 


ably poorer for excited states (Table 4). 
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Table 4 
Neutron binding energy for excited single particle levels 
i ; } | Binding 
Bindin 1 State | 
Nu- eveve | Reber so ee = 
lr : s «| @xps 
SOL | theo.| CXpe theo. | CXpe | eleu thede | CXPe theo | xp 
poe i 
oi {joe 4 4 y22 | Sr 8 27a pee mate g/2t | 9/2 5,84 6,08 
a Sted Behe Piti00 Abe ‘ 5155 | 5,99 
Cac San oe 0,00 6,42 c : “ates 2) oe 
‘afl =) 42> 132 4,42 Cd 41/2 [27 : : 
cas ee 1/2" 6,246] °7,36 Cas | 11/2- | 11/2- | 6,46 | 6,06 


For 017 the calculated energy for the 2s excited state is in even better 
agreement with experiment than for the ground state, which may be connected with 
the lower sensitivity of the s-state to the form of the potential. In the case 
of Ca41 , we find good agreement of the spin-orbit splitting with experiment: 

LE exp = 2.0; DE neg = 1-95. 

Of particular interest are nuclei in which the 1g, and ihu,, states begin 
to fill. Such nuclei can be of interest only when the neutron is attached to a 
core producing a self-consistent field. Inasmuch as 38 neutrons correspond to 
closed 2p,, and 1/., shells, the Zn®9 nucleus has a self-consistent core field. 
The agreement here with theory is excellent. Zn‘1 and Ge73 would have a self- 
consistent core field only if the 39th and 40th neutrons are in the 2p, state; 
however, it is not impossible that these two particles are in the 1g,,, state and 
then the field is not self-consistent. The question remains open. Even in this 
case, the variation in binding energy is correctly rendered. 

The filling of the ‘hu, state occurs by pairs. Hence it is difficult to say 
for which nucleus the ihu,, state is still vacant. Incidentally, it is known that 
spins 5/2 and 7/2 are not encountered in nuclei with N > 64. Hence it may be as- 
sumed that for 64 neutrons the thu, state is still unoccupied and that the 2ds, 
and 1g:, states are fully occupied. Then comparison for Cd1l13 is legitimate and 
as may be seen the agreement is satisfactory. Pd109 anq cq111l undoubtedly do not 
have a closed shell plus one neutron. However, in view of the great difference 
between the 1hu,,, 2d: and 1g, states, which are not yet filled in these nuclei, 
the Cd110 and Pdl08 cores may be regarded as self-consistent fields (only for 
levels with opposite parity). The agreement obtained is satisfactory particular- 
ly for the change in binding energy incident to attachment of two protons. We 
see therefore that satisfactory agreement with experiment is also obtained with 
1gy, and 4hu, states. 

It would be of great interest to investigate the 1g,, states in Sr89, zr91 
and Mo93 and the 1h, states in Bal39, ¢el41 ana nal43, Unfortunately, adequate 
experimental data on the excited states of these nuclei are not available. 

A more important question is the applicability of the proposed model to nu- 
clei with an odd proton. In the first place we must check the identity of the 
neutron and proton potentials in light nuclei where for the core N = Z. 

For this it is enough to determine whether there is obtained a correct ener- 
sy difference for mirror nuclei 017 & F17 and Ca4l & Sc41 if one adds the Coulomb 
potential to the miGlean potential. Taking the data of Hofstadter for the charge 
distribution in 0 and Ca40, one can calculate the proton binding energy. It 
is found that the energy difference varies slowly with change in the level energy, 
as a result of which poor agreement of the 017 energy with the experimental data _ 
has almost Bo effect on the Coulomb energy. The energy difference for the ground 
states of O01’ and F17 is found to be 3.51 Mev (the experimental value is 3.55 
Mev), and for the first excited 2s state 3.04 Mev (experimental value - 3.22 Mev). 
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HG see that the lower Coulomb energy for the excited state is explained by the 
behavior of the wave function of the 2s and 1d), states. Possibly some modifica- 
tion of the form of the potential would make the agreement even closer. 

For Ca4l and Sc41 the calculated energy difference for the ground state is 
7.1 Mev (experimental - 6.76 Mev). A deviation of the order of 5% may be attribu- 
ted to incorrect specification of the Coulomb field. Moreover, small changes in 
the width of the region of diffusion of the nuclear potential have a stronger ef- 
fect where the odd proton is concerned as compared with the odd neutron (in view 

of the more rapid attenuation of the proton function). On the whole it may be 
said that from the results for mirror nuclei, it follows that with N = Z, the po- 
tentials V, and V, are equal. 

Among the heavier nuclei, so far we have investigated only Sc49 Bi209 and 
Sbi21 with a potential (5). The results for Sc49 are in general not very satis- 
factory. The calculated value of the proton binding energy is 8.6 Mev and differs 
from the experimental value by 0.8 Mev. However, substitution of equal potentials 
for the proton and neutron would lead to a binding energy of 2.5 Mev (instead of 
8.6 Mev). 

For Bi299 calculations given E = 3.3 Mev (the experimental value is 3.78 Mev). 
This energy, however, is very sensitive to the parameter 1/a and its reduction by 
6% leads to a decrease of the binding energy by 0.5 Mev with, at the same time, 
little change in the energy of Pb299, In any case, if one takes for Pb299 the 
same potential as for Bi299, the calculated binding energy differs from experi- 
ment by 6 Mev. Thus despite the paucity of the data available it may be asserted 
that formula (5) gives better agreement with experiment than V, = V,. 

Finally, a large discrepancy is ob- 
tained for Sb121; the theoretical energy 
value is 3.5 Mev, whereas the experiment- 
al one is 5.7 Mev. Although Z = 50 
does correspond to a closed shell, the 
quadrupole moments of Sbl21 and Sp123 
are so large that single-particle treat- 
ment of the ground states of these nu- 
clei is of questionable validity. 


4 ak \ 20, 
Se oro 
h Woy Pyp — ey 28 My My Pay op III. Neutron stability 
Fig.l. Variation of the binding energy Knowing the variation of the poten- 
with the nuclear radius for levels tial with (N - Z), one can readily calcu- 


with different / and j;. Assumed poten- late the neutron binding energy in nuclei 
tial well parameters: y : 50 Mev; With a closed neutron shell plus one neu- 
tron as a function of Z. At a certain 
Koh = 1.92 A? Oey ped value of Z the neutron binding energy 
*0 goes to zero. 

It can be shown by analysis of the curves characterizing OEE Wea ope 
the neutron binding energy with the nuclear radius that for low binding energies 
the boundaries between shells will correspond to different neutron numbers. This 
follows from the separation between levels. Figs.1 and 2 show the variation of 
the binding energy with the nuclear radius for N= Z. It will be seen that for 
E +0, the shells must close for N = 20, 40, 52, 82 and 126. sen 

The maximum values of N as a function of Z found on the assumption tha 
_ V./Vy = 3.4 are listed in Table 5. It will be seen from the table that an all 
atomic weights minimum Z 70.3 A. Similar calculations for heavy nuclei are 
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_ precluded by statistical deformation. 
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Table 5 
KR Variation of Nnay with Z 
0 
Z Nmax Amax Z Nmax Amax 


MI Fg 


016 
Vay Lay Nong 


B 


Pay 'ty "9p YI My hy 


Fig.2. Variation of the binding energy 
with the nuclear radius for levels with 
different / and ;. Assumed potential 
well parameters: y ——— — 50'Mev: 

0 2ma2 ’ 


a 0. 
Kane 192747 wees A>50. 
a) 
Institute of Atomic Energy 
Academy of Sciences of the USSR 
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els with the same spin and parity, resulting in mutual 
The character of this interaction depends substantially on the nature of the lev- 
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ON ''REPULSION" OF NUCLEAR LEVELS WITH THE SAME SPIN AND PARITY 


- L.K. Peker 
It is known! that there occurs in nuclei an interaction between energy lev- 
"repulsion" of the levels. 


els. Up to now the "repulsion" 
of levels. 


Kerman? directed attention to the fact that in nuclei with odd A, levels 
with the same spin, belonging to two rotational bands based on single-particle 
levels with momenta K and K + 1 interact as a consequence of the coupling between 
nuclear rotation and the motion of individual nucleons (an effect similar to 
Coriolis force). This effect has been detected in W183 (Ref.2) and possibly in 
Tal81, Hol65 and other nuclei. Gurevich & Pevzner3 and Hughes4 have observed the 
effect of level “repulsion” in reactions of nuclei with slow neutrons in the 8-9 


effect has been observed in two different groups 


Mev excitation energy region. 


In the present note we wish to direct attention to another type of mutual 
repulsion (levels with the same spin and parity). 

Let us consider the properties of two 2+ levels (which are usually interpre- 
ted as y-vibrational) in the even isotopes of 74W and 70s. 

Data° on the energies and moments of inertia 
of these levels are presented in Fig.1. The point 
corresponding to W184 in Fig.1,a lies on a smooth 
curve which is similar to the curve for the Os iso- 
topes. In Fig.1,b this point falls out sharply (for 
wi84 R>1). This means that in W184 the interval 
between levels with I = 2+ and I = 3+ (in both cases 
K = 2+) is anomalously small. 

The narrowing of this interval can be under- 
stood if we assume that there exists another 2+ 
level located somewhat lower than the 2+ y-vibra- 
tional level (Fig.2), and that there is repulsion 
between the two levels. in connection with the 
hypothesis regarding the existence of two 2+ levels 
with energies of 904 kev (K = 2+) and ~900 kev, 
let us consider the experimental data® on the de- 
cay of Rel84 to wl84, Among the several weak y- 
transitions which could not be fitted into the 
scheme proposed by Gallagher et ai§, there is a 
788 kev transition. Since according to Gallagher 
et al, the total disintegration energy of Re184 
is ~1300 kev, it follows from energy considerations 
that the 788 kev y-transition can feed only one of 
the three levels of the lower rotational band: 

O (0+), 111 (2+) or 364 kev (4+), and, consequent- 


E+, kev 


700 


500 


Fig 1. a) Energies of the ly, there must be a 788, 899 or 1152 kev level in 
4 me i 184 
2+ y-vibrational levels in W . 

ven W and Os isotopes. The existence of the 788 and 1152 kev levels 
b) Ratios R of the moments is doubtful, for no y-transitions te) hs levels 
of inertia of the 2+ 7- of the lower rotational band which might compete 
vibrational levels and the with the 788 kev y-transition were ever observed. 


_ ground state. 
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It is more probable that there exists an 899 
kev 2+ level. The low intensity of the 788 kev 


+ 
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Fig.2. Level scheme for w184, 
The 2+ level we have intro- 
duced is indicated by the heavy 
dashed line. The proposed B- 
vibrational level with K = 0+, 
I = 0+ is indicated by the 
light dashed line. 
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y-rays indicates that the 899 kev level is 
sparsely populated in Rel84 decay. In this 
case the weak 899 kev cross-over y-transition 
may be masked by the strong 895 and 904 kev 7- 
lines. The small fraction of observed 504 kev 
y-rays may correspond to a transition from the 
899 kev level to the 364 kev (4+) level. 

If the proposed interpretation of the 788 
kev y-rays is correct, then the 899 kev 2+ lev- 
el is the first rotational level of a band based 
on a ~800 kev 6-vibrational level (K = 0+; I= 
= 0+) in W184, Hitherto B-vibrational levels 
in the even nuclei 74W and 7608 have not been 
observed. 

The 899 kev 2+ level is almost contiguous 
to the 904 kev 2+ y-vibrational level (the sepa- 
ration between them is ~5 kev). 

The “repulsion” effect, which is inversely 
proportional to the separation between the 2+ 
levels, may noticeably reduce the interval be- 
tween the I = 2+ and 3+ (K = 2+) levels, so that 
R >1 in wi84, 

An analogous situation apparently occurs 
in Pu238, where R > 1 for the 2+ 1030 kev 7- 
vibrational level, and the 988 kev y-vibrational 
(K = 0+; I = 2+) level is located somewhat below 


it.7,8In other nuclei,in which there are known to be f- and y-vibrational levels, 
the intervals between these are comparatively large (in g9Sm152 - 277 kev; in 
g4aGdi54 - 193 kev; in g4Gd156 - 344 kev®) so that their "repulsion" is signifi- 
cantly weaker, and the inequality R > 1 does not obtain. 


Scientific Research Physical Institute, 
"A. A. Zhdanov' Leningrad State University 
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-Off-A nuclei in the A = 213 to 221 region. * 
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EQUILIBRIUM SHAPE OF ODD-A NUCLEI IN THE A = 213 TO 221 REGION 


- L.K. Peker 
In the present paper we discuss the character of the equilibrium shape of 


In spite of the fact that even-even 
nuclei in this region are spherical (as indicated by the structure of their ex- 


cited levels), the question of the equilibrium shape of the odd nuclei is by no 
means trivial: the presence of an odd nucleon can, in principle, disturb the 
equilibrium between the forces tending to preserve the spherical equilibrium 
Shape and the forces tending to elongate the nucleus. The possibility of a simi 
lar effect in nuclei with A = 103 to 109 was discussed by Alder et al.1l 

It is known that the even-even nuclei 44Ru, 4gPd and 4gCd are spherical, 
while the odd nuclei Rhl03, aglO7, agl09 exhibit some properties of nonspherical 
nuclei.l Probably the same effect leads to the fact, noted by Gallagher & Mosz- 
kowski@, that the spins of most odd-odd nuclei are more consistent with the as- 
sumption of a slight deformation of the nuclei than with the assumption of their 
strict sphericity. 

The properties of odd nuclei with A = 213 to 221 have scarcely been studied. 
With a few exceptions, almost nothing is known regarding the spectra of their ex- 
cited levels, the spin assignments for their excited and ground states, and the 
B- and y-transition probabilities and multipole orders. 3,4 

It turns out, however, that some deductions concerning the equilibrium shape 


of the nuclei under consideration can be drawn on the basis of Q-decay probabili- 
ty data. 


Earlier it was assumed that increase of the nuclear deformation parameter 
leads to a significant lowering of the Coulomb barrier and, consequently, to a 


sharp and considerable (order of ten) increase of its penetrability.9,§ However, 


comparison of Q-decay probabilities for different even-even nuclei (with A > 216) 
showed that the probability of penetration of the barrier by Q-particles is al- 
most independent of the deformation parameter. More accurate evaluations sub- 
stantiated this experimental fact. It was found that change of the deformation 


parameter from B = 0 to B® = 0.2 is accompanied by an increase in Q-decay proba- - 


Lem 


bility of only about 3 times.? Our present q-decay theory is not sufficiently 


accurate for analysis of such a weak dependence. 

Thus, at present it is impossible to conclude anything about the equilibrium 
shape of the nucleus in the ground state from data on the Q-particle penetration 
probability. 

Let us consider the process of Q-particle formation. The probability for 
creation of an Q-particle is wholly determined by the quantum characteristics of 
the states of the nucleons from which the particle is formed. The more similar 
these characteristics, the more the nucleon wave functions overlap and the strong- 
er their interaction, and consequently, the greater the probability of formation 


of an Q-particle. The latter is maximized when the nucleons differ only as re- 


gards the sign of Q (the projection of the total angular momentum on a symmetry 


axis). The corresponding a-transition is called allowed, and for it F= Texp/ 


/Teheo 1. (Bohr et al8). It is clear that such a transition can take place only 


between two states characterized by the same quantum numbers. 


Odd deformed nuclei are characterized by the quantum numbers N, nz, A, & and 
Q (Nilsson9). Since at any given level (with given Q) there can be no more 


than two nucleons, in general there can exist only one odd value of N or Z char- 
: acterized by the given set of quantum numbers. Inasmuch as the odd N or Z 


x 


NON HPS 


3 cas al we 


*Odd nuclei with A = 209 to 211 are spherical inasmuch as they have only 
one to three nucleons outside the closed shells. 
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changes by two units in a-decay, there should, in principle, not exist allowed 
transitions to the ground state in deformed nuclei. Actually, however, we oc~ 
casionally meet situations when in the parent and daughter nuclei the odd nucle- 
ons are located on the same single-particle level and, consequently, a direct 
allowed qQ-transition is possible. In the A= 223 to 253 region these conditions 


obtain in only two cases: 
92 i> 90 V hizo and ooESisa —> o7B isze 
At the same time, in the A = 213 to 221 region there are at least 9 cases 


of direct allowed transitions with F ~1 (Table 1) .10 
Such a large number of direct 


Table l allowed transitions to the ground 
Allowed a-transitions to the ground state state clearly indicates that nuclei 
see) with A = 213 to 221 have a spheri- 


cal equilibrium shape. Actually, 


Transition | F | Transition P 
in spherical nuclei the state of 
pS ; ; the odd nucleon is characterized 
Spherical nuclei solely by the quantum number j (to- 
saP073 +s0Pbi5e 2* esAtzle_. ssBirtns 3,7* tal angular momentum). In any one 
gaP orl? goPbi54 452 esAteie— ssBitss 0,60 level there can be 2) + 1 nucleons 
aghn2t—>g.Pons 4, D* ee alate 1,9 and, consequently, there may exist 
soPin2!9_. 4,Po215 ~10** g7Fr219— 5, At215 1,2 up to (27 + 1)/2 different nuclei 
g7Fr22l—ng5 A t22? 3,3** With odd N or Z and a given j. 
Direct qQ-transitions accompani-. 
Datorinodtmdaned ed by a change in equilibrium shape 
oUmRwtbig | tam | andimpuy | 1.5 oY Mane mall values of P for 
the direct Q-transitions in ggAc225 
*The location of the lower levels in and, possibly, ggAc223 lead one to 
the daughter nucleus is known. It is as- conclude that the penetrability of 
sumed that since the energy of these levels the Coulomb barrier is only weakly 
is high, the probability for o-transition dependent on the deformation para- 
to them is low compared to the probability meter. 
for Q-transition to the ground state. In addition, they indicate 


; *kThere are direct experimental data in- that in the deformed nuclei gghc225 
dicating an Q-transition to the ground state. and g9Ac?223 the 89th proton is lo- 
cated on the 5/2- level?»3s5 con- 


Table 2 stituting one of the /»), sublevels, 
Q-Transitions accompanied by change in since the 87th proton in the spher- 
equilibrium shape ical nuclei g7Fr219 and g7Fr221 
is located on the /,, (or /:,) level. 
Transition e | Transition F As Table 2 shows, the direct 
Q-transition Ra233—Rn219 is strong- 
ssRalS2-aygRnts [Largex+| gyAcli8 gill ner: ly forbidden (F is large). This 


high degree of forbiddenness is 
consistent with the data on the 
states of the 135th and 133rd neu- 
* 
nage Table 1. trons. It follows from analysis 
of the decay of Th227 and Fr223 
that the ground state of the de- 
formed nucleus Ra223 (N = 135) is probably 3/2- (Refs.1, 6 & 7). The 133rd neu- 
tron in the spherical product nucleus Rn219 must be located in the Shy By, OF 
*/o9 "Io 


223 219 
so ACi34—> s7FT i35 3,4 


ET ENS NAPE AHEAD IANS 
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ds, state. Hence the Q-transition from the 3/2- to the 9/2+, 7/2+ or 5/2+ states 
must be greatly inhibited. 


The writer is grateful to L.A.Sliv for valuable discussions. 


-Scientific-Research Physical Institute 
"A.A. Zhdanov" Leningrad State University 
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SOME CHARACTERISTICS OF NEW PHOTOMULTIPLIER TUBES 
~ A.G.Berkovskii, I.Ya.Breido, 0.S.Korol'kova & L.G.Leiteizen 


There have been developed two new photomultipliers for use in scintillation 
spectrometers. 

The FEU-35 photomultiplier has a 25 mm diameter cathode, a maximum diameter 
of 34 mm and an overall length of 108 mm. The tube has a 10-pin key-type base 
and no side leads. 

To improve the electron-optical character- 
istics of the input section the tube design fea- 
tures a focusing cylinder with a skew end face 
(Fig.1). A cylinder of this type allows of better 
matching of the axially symmetric input with the 
inevitably asymmetric first stage of the multi- 
plying system. The new input design insures bet- 
ter energy resolution with a standard voltage di- 
vider and uniform voltage distribution between all 
the stages except for the cathode-first emitter 
stage to which double the normal stage voltage is 
applied. 

The distribution of a lot of 600 FEU-35 tubes 
as regards pulse height resolution measured with an 
NaI(T1) 20 mm diameter crystal and Csl37 is shown 
in Fig.2. Fig.3 shows the distribution for the 
same lot of tubes as regards the energy equivalence 
of intrinsic noise measured at a level of 50 pulses/ 
Fig.l. Electron-optical in- /sec. The average amplification and sensitivity 


put system of the FEU-35 of the photomultipliers and the variation of the 
photomultiplier. dark current as a function of the supply voltage 
are shown in Fig.4. 
% tubes 
30 
% tubes 
40 
26 
30 
10 
20 
8 g 10 
Pulse height resolution, % 
Fig.2. Pulse height distribution AS 
in a lot of 600 FEU-35 tubes. 
Fig.3. Energy equivalent of intrin- 
sic noise distribution in the same 0 
600 lot of FEU-35 tubes, »—> 2 : & : 


Energy equivalent of intrinsic noise, kcy 


The variation of the output pulse height with the y-ray energy remains line- 


ar up to a pulse heigh 
7 ir a p ght of 10 v with a resistance of 50 kilohm and a capacitance 


Sensitivity, amp/lu 


10 
500 750 ~=©1000 1250 1500 
V V 
supply? 
Fig.4. Variation of the anode 
sensitivity and amplification 
(1) and dark current (2) with 


the supply voltage for FEU-35 


photomultipliers. 
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The FEU-35 is characterized by a high re- 
sistance between all the electrodes (1011 ohm 
on the average and not less than 109 ohm) which 
makes this photomultiplier particularly suitable 
for use in portable equipment. 

The sensitivity threshold of the photomulti- 
plier measured at a frequency of 80 cps with the 
width of the resonance amplifier passband equal 
to 20 cps is (6-8)-10712 1u on the average. 

The other photomultiplier has a cathode di- 
ameter of 38 mm, a maximum diameter of 48 mm and 
an overall length of 190 mm. Like the FEU-35 it 
has no side leads. 

As in the FEU-35 the electron-optical input 
section insures good amplitude resolution (7.5- 
10%) with uniform voltage distribution between 
the electrodes. This photomultiplier is charac- 
terized by a low noise level: 1-2 kev at the lev- 
el of 50 pulses/sec. 

For the purpose of testing the stability of 
the photomultipliers under conditions as close to 
the usual operating conditions as possible, there 
was developed a special set-up designed to record 
the variation with time of the height of the photo- 
peak from Cs!37 with an NaI(T1) crystal. 
The principal component of the set-up is 
a single-channel analyzer with a "rocking'’ 
channel. The analyzer output is coupled 
to a follow-up system which controls the 
voltage Vg of the first (principal) dis- 
criminator so that Vg follows the signal 
amplitude. The follow-up system consists 
of two gates (electronic valves) which 
open synchronously with rocking of the 
channel and alternately pass pulse packets 
to the integrating circuits. The output 
voltages from the integrating circuits 
are subtracted from each other and if the 
rocking of the channel is symmetrical 
relative to the photopeak the resultant 
signal is zero. If the peak is shifted, 
for example, owing to instability of the 
photomultiplier, there is produced an er- 


Fig.5. Record of stability of the ror signal which goes to the grid of the 


_FEU-29 photomultipliers (1-4). 


5 - control record. 


Csl37 photopeak amplitude for four tube regulating Vg; this readjusts Vq to 
Curve the level of the photopeak (null error 


signal regulation). The relative incre- 
ment AVq/Vq is separated by a bridge cir- 


 euit and recorded by the automatic recorder. The recorder strip chart is cali- 
brated in percent of the pulse height (AVg/Vq°100). For convenience in recording 


Pe, ih a 
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eke 


the characteristics of several photomultipliers, the set-up has provision for 


shifting the chart sidewise to record several characteristics without overlapping. 
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Fig.5 shows a photograph of the strip chart obtained in recording the posi- 
tion of the photopeak for four FEU-29 photomultipliers tested over a period of 
five hours (curves 1-4). Each division of the chart on the horizontal scale 
equals 0.4 of the pulse height; each division along the vertical equals 30 min. 
With this method of recording one can observe two types of instability: 1) con- 
tinuous drift in time of the average photopeak amplitude (curve 1) and 2) fluc- 
tuations of the peak amplitude about some average value (curves 1-4). The drift 
of the mean value is apparently due to processes occurring inside the photomulti- 
plier and connected with changes in the structure of the emitting layer. 

There is virtually no drift in the case of some tubes (curves 2 & 4); for 
other tubes there is a drift over a certain period of time (settling time), which 
differs from tube to tube and appears to increase with the length of time the 
tube was out of operation prior to the test. 

Fluctuations in the pulse amplitude, as characterized by the scatter of the 
points, are characteristic of all photomultipliers and vary from tube to tube in 
the range of approximately 0.3% (curve 2) to 1% (curve 1). These fluctuations 
are apparently due to the presence of a low frequency component in the statisti- 
cal scatter of the output pulse amplitude. 
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CALCULATION OF THE ENERGY LEVELS OF 11296 anp Bi210 
= Yu. 1.Kharitonov 


Introduction 


The present paper gives the results of an attempt to calculate the energy 
levels of the odd-odd nuclei T1296 ang Bi210, The configurations of these nu- 
clei differ from the configuration of Pp208 , which has a doubly closed shell, by 
the presence of two holes or two nucleons outside the filled shells. For the 
purposes of the calculation we used the wave functions of neighboring nuclei with 
one nucleon or one hole outside the closed shells. The radial parts of the wave 
functions and the energies of the corresponding levels were calculated for the 
case of a diffuse-boundary potential in the work of Sliv & Volchok.1 


1. Calculation of the energy levels of T1206 


The g T1206 nucleus has one neutron hole and one proton hole. For calculat- 
ing the energy levels of this nucleus we used the single-particle wave functions 
for tne neutron levels of Pb207 pertaining to the ground state (p.,) and the first 
excited 620 kev level (/,,) and the proton levels of T1207 pertaining to the 
ground state (s,) and the first 350 kev excited level (d:,). These single-particle 
states are sufficient for constructing the level scheme for T1206 to 1 Mev. By 
means of these data one can in the zeroth approximation construct the possible 
configurations of the energy states of T1207 shown in Table l. 

It will be apparent from Table 1 that the 
Table 1 first three configurations comprise two levels, 


Possible configurations of T1206 i.e., are doublets. The fourth configuration 
TT (fs),ds,) Comprises four levels. The further prob- 
Con fi gu-— es Ea iees lem consists in finding the forces splitting 

ration | 2¢roth ap— {oF lovels the levels pertaining to the same configuration. 
ee Such forces may be 1) interaction of the nucle- 
; ons (holes) outside the closed shells with the 
(P1/251)2) 0 Dr ty, nuclear surface and 2) weak pair interaction 
(Py/2%3/2) 0 bg of the neutron and proton holes located in dif- 
(Fsja8xja) s aes 29/1 ferent shells. The purpose of the further cal- 
Be 22 aS culations was to determine the parameters of 


these forces and to plot the theoretical level 
scheme for T1296, 
The nucleon (hole)-nuclear surface interaction operator was taken in the 
form2 ; 
We= > > k (ri) %op You (i, i), (1) 


i=l p 


where k(ri) is the interaction constant, %, is an operator acting on the Cae 
part of the function, Y,, is a spherical Soars of the second order, and 7, %; 
i coordinates of the i-th particle. 

Ts ‘eae regardless of the choice of parameters, do not split the doub- 
let levels but only shift them as a whole. The fs, ds, multiplet levels, however, 
are split, but in view of the fact that the levels of this sais Sipe ata 
tively high, in further calculations we will restrict our consideration | fe) ae 
doublet levels. The shift A,/° of the doublet levels owing to interaction w1 


the nuclear surface depends on the magnitude of E}, hw, C and K: 
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A, H? = 7 f (ES, he), (2) 


where ? is the energy of the i-th doublet in the zeroth approximation, hw is 
the energy of the first vibrational level, Cis the rigidity of the nucleus, 


K = Ri (jy) k (ri) Ri (J) du, 


and the &#; are the radial parts of the wave function of the i-th particle. 

According to data on nuclei with one nucieon or hole outside the filled 
shells, the numerical value of K is approximately 40 Mev. The energy hw of the 
first vibrational level and the rigidity C of the T1206 nucleus are not known. 
Thus the shift A,#° remains a function of two unknown parameters, hw and C. 

This shift was calculated for a number of values of fw and C, characteristic of 
heavy nuclei with configurations close to the configurations of T1206, Thus, 

C for Pp296 was evaluated from experiments and Coulomb excitation and found to 
be of the order of 1400 Mev.3 Calculations showed that the relative separations 
between doublets do not change substantially with variation of C from 1000 to 
1500 Mev and hw from 1 to 3 Mev. 

Thus in the case of T1206 taking into account the interaction of the holes 
with the nuclear surface not only does not split the doublet levels but almost 
does not change their relative separation calculated in the zeroth approximation. 

Let us now take into account the pair interaction between the neutron and 
proton holes. Inasmuch as the specific form of the forces is hardly important 
where the magnitude of the splitting of the doublet levels is concerned, we ar- 
bitrarily assumed a gaussian potential. We took into account the variation of 
the pair interaction potential with the spin variables. The pair interaction 
operator Wpr was taken in the form 


e- (iy—Tp)? 
Wor= é "0 {V a, == Vit}, (3) 
where V, is the singlet interaction constant, V: is the triplet interaction con- 
stant, x, is the singlet projection operator, and 7, is the triplet projection 


operator. 

In view of the weakness of the pair interaction of the holes located in dif- 
ferent shells, the calculations were carried out with the help of perturbation 
theory. The diagonal matrix elements of the operator Wprafter integration were 
expressed in terms of Slater integrals F* and the constants V, and V; (Table 2). 

Let us assume that in each 
Table 2 doublet, the level with the 
Diagonal matrix elements of the operator Wpr higher spin lies above the level 


_—_—. Len nnnt. WIth! the lower spines Under ne 
ees | I Matra ss elenents above assumption, the following 
ration expressions are obtained for the 

‘ magnitude of the splittings of 
en) 0 EV, the doublets under consideration: 
bee Sls ele /5,0aKs 
(Py, dy,) | 1] MaGRE Hs FOV +402 Fp oF 2)V, Ar=sFi(Vs—Vi), (4) 
as 2 | 3/g(F8—1/5 F2)V,44/s(4 9 + 1/5F2)V 
"Sige Pula dees dete Se gee Ay "hs (Fa es) (Ve Vs 
(fs), 51), ) 3" t 


3- | .%/oFV,+4/7 FOV, A; = °/,F3(V;—V;)). (6) 


id 


EAN RNR ec cent Niayna H SE e 


‘effective range of the pair interaction forces. 
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The Slater integrals are functions of the parameter 7), which characterizes the 
We took ry equal to 1.85-10713 
cm, aS is usual in treating nucleon-nucleon scattering. For the given value of 
ro, the Slater integrals are positive and equal to ~1072, From this, in view of 
the fact that the ground state spin of T1206 is zero, we can draw the following 
two important deductions: 
1. The difference (V;—V;)> 0. 


2. The split doublet levels have the following spin sequence: 


(Py, Sy) 
se ama 
Ge 


We attempted to determine the constants V, and V; from the experimental data 
on T1206, with a view to utilizing these values for calculating the energy levels 
of Bi210, 

As was shown in the work of Golenetskii, Rusinov & Filimonov4, there are 
actually three doublets in the level scheme for T1296, The splitting of the 


second doublet was measured with the highest accuracy and found to be A, = 40 + 
+10 kev. From this we evaluate the difference (V,—V;) to be 12 + 3 Mev. In 
this case the splittings of the other two levels are A, = 85 + 20 and A,= 70 + 


+15 kev. These values are in good agreement with the experimental values for 
the splittings of these doublets. 

It will be evident from Table 2 that the difference between the energies of 
(fs/,S1/,)I—2 and (pr,Sy,)r-9 levels can be expressed in terms of the zeroth approxima- 
tion energy and the triplet interaction constant V; . The value of V; is very 
sensitive to small changes in the zeroth approximation energy and one must in- 
sure a higher accuracy in determining this constant than was done in the work of 


Sliv and Volchok.1 


Thus on the basis of our calculations we propose the following level scheme 
for T1206; 


£, kev 


Gaon a 
620 Lig ° 0: 70 kev 
2 
a 7 
950 (2 EEE ) 40 kev ‘ 
2 
5 i 
pile alae 2%) 2s kev 
07 


ape 


2. Calculation of the energy levels of Bi210 


The g9Bi210 nucleus has one neutron and one proton outside the closed shells. 
For calculating the energy levels of Bi210 we used the single-particle wave func- 
tions of the neutron levels of Pb209 pertaining to the ground state (g,,) and the 


Possible configurations of B 


Table 3 
4210 
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first excited 816 kev state (is) and the pro- 
ton levels of Bi209 pertaining to the ground 
state (h,,) and the first 877 kev excited lev- 


Configu- pee Spins and el (j,). On the basis of these data one can 
ration zeroth ee determine in the zeroth approximation the pos- 
EO sat sible configurations of the energy levels of 
Bi210 ¢> 1 Mev shown in Table 3. 
(go, Rey, ) 0 Oe The further calculations are similar to 
Ca 816 (oo ee those carried out for T1206, but, as will be 
ar 5-, 6-, 7-, 8 apparent from Table 3, the situation is more 
(82), Ir), ) 877 ee complicated for Bi219, It was found that tak- 


into account the interaction of the nucleons 
outside the closed shells with the nuclear sur- 
face splits levels belonging to individual multiplets. However, inasmuch as ow- 
ing to interaction of the nucleons with the nuclear surface the individual levels 
are shifted downward, while the absolute magnitude of the shift does not exceed 
500 kev, we can be sure that the levels of the i,j, and §»/7, multiplets in 
shifting relative to each other will not intermix with the levels belonging to 
the ground state multiplet. Hence in calculating the level scheme for Bi219 one 
can limit the consideration to the gh, multiplet. The displacement of the 

gy, multiplet levels owing to interaction of the nucleons with the nuclear sur- 
face was calculated for a number of values of fw and CC. In all the considered 
cases the spins of the first three levels are arranged in increasing order, O-, 
1- and 2-, but the fourth level has spin 9-. Moreover, the separation between 
levels for a given C does not at all depend on fw. Thus, for example, for (C= 

= 1000 Mev, taking into account the interaction of the nucleons with the nuclear 
surface gives the following sequence for the first four levels: 


E, kev 
80 OF 
60 —————-— 2 
20 i 
0 hia 


Next we took into account the weak pair interaction between the neutron 
and proton located in different shells. The matrix elements of the pair inter- 
action were calculated under the same assumptions as for T1296 (Table 4). 

The results of further computation depend on the assumption made regarding 
the Bi210 ground state spin. We shall consider two cases: 


1. The ground state spin I= 0-. In this case the following level 
for Bi2Ll0 is obtained: g scheme 


&, kev 
CD epee Fy Ly cht ee 
oO 60 - 15,1 ¥, + 0,4 Ve 
——_>—_ 2) - 78 Vy +03 Vo 
O° WOTTTTTTTTT, 


- 1505 - 


2. The ground state spin I = l-. 


In this c ; ‘ 
fevel scheme: ase we obtained the following 


E, kev 


a neem me | Ones Bi ba aA a 


CLOSOSALL AA LLOLSSS ASS Y 


‘Utilizing the experimental value for the energy of the first excited level 
in Bi210, namely, ~50 kev, and the value for the difference (V’, —V;) obtained 
from calculations of the levels of T1296, we can construct two variants of the 
level scheme of Bi210, 


Ae Verieant 20 
ae : £, kev 
150 9 
Bi eee ES 
SS See 5  — 
300 —— 
0 wy. 8 9 TITTTTTTTTT, | 
Table 4 Conclusions 
Diagonal matrix elements of 
the operator Wpr The T1206 nucleus is a suitable choice for 
€ go), hs), configuration) determining the pair interaction constants for un- 
" like nucleons located in different shells. How- 
ever, the experimental data now available are in- 
< Matrix clemcnts adequate for determination of these constants. 
Hence it would be of interest to carry out the 
0- 29,4-10°8 V; following measurements for T1206, 
ies 21 ,6-40-8 V, +0,3-10-% V, 1. To measure by observation of conversion 
xe ae Ae re tay or by the correlation procedure the spin of the 
is $5.10-2.V. + 71,4:10° V,, : 
a t : ground state and of some excited level of T1206 


in order to be able to compare the experimental 
values with the predicted spins of the correspond- 
ing levels. 
2. To measure the probability for E2 transitions, which will enable us to 
evaluate the magnitude of K/C, knowledge of which will make it possible to take 
, into account more accurately the interaction of holes with the nuclear surface. 
3, To determine more accurately the energy of the levels of T1206 in the 
zeroth approximation. To this end one must measure the energy of the first ex- 
cited levels in Pb207 and T1207 and also the lifetimes of these levels. 
In order to calculate the energy levels of the Bi2190 one must know the ex- 
_ perimental value of the nuclear spin. At present on the basis of the performed 
calculations one can only assert that the spin of the long-lived level at about 


200 kev is 9-. 
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In conclusion, we would like to note that in our calculations we did not 
take into account the influence of static deformation. In T1206 the proton spin 
is 1/2 and hence the quadrupole moment is zero. In Bi210 the quadrupole moment 
may be nonzero, but its influence can hardly be greater than the uncertainty in- 
herent in the calculations. 

I desire to express my deep gratitude to L.A.Sliv under whose guidance the 
present work was carried out and to G.V.Podgaiskaya who participated in the cal- 


culations. 
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Fig.5 shows a photograph of the strip chart obtained in recording the posi- 
tion of the photopeak for four FEU-29 photomultipliers tested over a period of 
five hours (curves 1-4). Each division of the chart on the horizontal scale 
equals 0.4 of the pulse height; each division along the vertical equals 30 min. 
With this method of recording one can observe two types of instability: 1) con- 
tinuous drift in time of the average photopeak amplitude (curve 1) and 2) fluc- 
tuations of the peak amplitude about some average value (curves 1-4). The drift 
of the mean value is apparently due to processes occurring inside the photomulti- 
plier and connected with changes in the structure of the emitting layer. 

There is virtually no drift in the case of some tubes (curves 2 & 4); for 
other tubes there is a drift over a certain period of time (settling time) which 
differs from tube to tube and appears to increase with the length of time the 
tube was out of operation prior to the test. 

Fluctuations in the pulse amplitude, as characterized b 
points, are characteristic of all photomultipliers and vary sont gesesoe a 
the range of approximately 0.3% (curve 2) to 1% (curve 1). These fluctuations 
are apparently due to the presence of a low frequency component in the statisti 
cal scatter of the output pulse amplitude. saaaal 
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